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Abstract

The Mediator, a conserved multisubunit protein complex in eukaryotic organisms, regulates gene
expression by bridging sequence-specific DNA-binding transcription factors to the general RNA
polymerase 1l machinery. In yeast, Mediator complex is organized in three core modules (head,
middle and tail) and a separable ‘CDK8 submodule’ consisting of four subunits including Cyclin-
dependent kinase CDK8 (CDKS8), Cyclin C (CycC), MED12, and MED13. The 3-D structure of
human CDK8-CycC complex has been recently experimentally determined. To take advantage of
this structure and the improved theoretical calculation methods, we have performed molecular
dynamic simulations to study dynamics of CDK8 and two CDKS8 point mutations (D173A and
D189N), which have been identified in human cancers, with and without full length of the A-loop
as well as the binding between CDK8 and CycC. We found that CDKS8 structure gradually loses
two helical structures during the 50-ns molecular dynamic simulation, likely due to the presence of
the full-length A-loop. In addition, our studies showed the hydrogen bond occupation of the
CDK&8 A-loop increases during the first 20-ns MD simulation and stays stable during the later 30-
ns MD simulation. Four residues in the A-loop of CDK8 have high hydrogen bond occupation,
while the rest residues have low or no hydrogen bond occupation. The hydrogen bond dynamic
study of the A-loop residues exhibits three types of changes: increasing, decreasing, and stable.
Furthermore, the 3-D structures of CDKS8 point mutations D173A, D189N, T196A and T196D
have been built by molecular modeling and further investigated by 50-ns molecular dynamic
simulations. D173A has the highest average potential energy, while T196D has the lowest average
potential energy, indicating that T196D is the most stable structure. Finally, we calculated
theoretical binding energy of CDK8 and CycC by MM/PBSA and MM/GBSA methods, and the
negative values obtained from both methods demonstrate stability of CDK8-CycC complex.
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Taken together, these analyses will improve our understanding of the exact functions of CDK8
and the interaction with its partner CycC.

Introduction

Cyclin-dependent kinases (CDKSs) are critical regulators of cell-cycle progression and gene
transcription, whose activities require association with their specific binding partners called
cyclins. Because of the fundamental roles of CDKSs in controlling cell proliferation,
differentiation and apoptosis and dysregulation of these processes in human cancers, CDKs
have been considered as attractive targets for development of novel anticancer drugs [1, 2].
Based on the sequence similarity, the human genome contains 21 genes encoding CDKs and
five additional genes encoding a more distant group of proteins known as CDK-like (CDKL)
kinases [3]. Instead of directly regulating cell-cycle progression, CDK7, CDKS8, and CDK?9
are thought to play more important roles in regulating gene transcription compared to other
CDKs [4].

CDKa& is particularly interesting because both CDKS8 and its regulatory partner Cyclin C
(CycC) are found to be either mutated or amplified in a variety of human cancers [5]. CDK8
and CycC are two subunits of the Mediator complex [6], and together with MED12 and
MED13, these four subunits form the “CDK8 submodule” [7]. Biochemical analyses have
identified two distinct Mediator complexes: a “small” complex of over 20 polypeptides that
activates transcription of polymerase 11-dependent genes, and a “large” complex forms that
is generally considered to represses transcription after the small complex is associated with
the “CDKS8 submodule” [8-12]. The CDK8 submodule may suppress transcription either
directly blocking the interaction between the small Mediator complex and the RNA Pol 11,
or indirectly phosphorylating certain transcription factors or components of the general
transcription machinery such as RNA polymerase Il in yeast and human cyclin H (CycH) [5,
13, 14]. The CDK8 module was postulated to regulate initiation and re-initiation of
transcription [15]. Interestingly, the CDK8 module can also positively regulate transcription
[16]. For example, CDKS8 has been reported as a positive regulator of p53-activated gene
transcription [17], as well as genes involved in the serum response network [18] and cellular
response to hypoxia [19]. CDK8 was identified as a potent oncogene in colon
cancerogenesis, since CDKS8 positively regulates B-catenin-dependent gene expression [20—
22]. In addition, CDK8 was shown to promote the proliferation of melanoma cancer cells
and the expression of CDKS8 gene is up-regulated because of mH2A deletion in melanoma
cancer cells [23]. Depletion of CDK8 in CDK8-amplified colorectal cancer cells or CDK8-
overexpressed melanoma cells potently blocked their proliferation, suggesting that gain of
CDKS8 drives tumorigenesis in these two types of cancers [17, 20, 24].

To understand the function of the CDK8-CycC complex, a 2.2-A crystal structure of the
human CDKB8-CycC pair in complex with the inhibitor sorafenib has been recently
determined by X-ray crystallography [25]. By comparing to other CDK-cyclin family
members, including human CDK4-cyclin D (CycD), CDK9-cyclin T (CycT), CDK5-p25,
CDK®6-V-Cyclin (Herpesvirus saimiri Cyclin), CDK6/INK4s, CDK7, cyclin K (CycK),
cyclin T (CycT)/TAT/TAR, and CycH, as well as the yeast CycC homologue SRB11 (for a
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detailed overview, see [26]), the CDK8-CycC complex displays additional potential
recognition surfaces for interactions, possibly for the recognition of MED12, MED13, or the
substrates of CDK8 [25].

When examining the CDK8-CycC crystal structure, we noticed that the part of the structure
containing 16 amino acids within the activation loop (or A-loop) of CDK8 was not
experimentally determined. For full activation, most protein kinases require the
phosphorylation of Thr, Ser, or Tyr residues within the A-loop, also known as the regulatory
T-loop that contains the predicted residues for both ATP and cyclin binding. It is thought
that the A-loop is flexible: without cyclin, the A-loop blocks the ATP binding site because
the positions of several key amino acid residues are not optimal for ATP binding; in the
presence of cyclin, however, two a helices change their positions to permit ATP binding
[27]. Interestingly, two Asp residues (D173 and D189) are located within the A-loop of
CDKS8. This is important because D173A mutation causes loss of CDK8 kinase activity
(kinase dead CDKS8), and D189N has been reported in several types of human cancers [14,
20, 28]. However, how these point mutants affect CDK8 activity or its binding with CycC
remains unknown.

With the continuously improved computation powers coupled with increased number of
protein structures being solved experimentally [29], computational methods, particularly
simulation research, present an attractive and complementary approach to understand the
molecular function and regulation of many proteins. Specifically, the new 2.2-A crystal
structure of the human CDK8-CycC complex has provided an opportunity for computational
methods to better understand the function and dynamics of CDK8, CDKS8 point mutations
and the CDK8-CycC interactions. Proteins are highly dynamic, and are constantly switching
between different conformations. Molecular dynamics (MD) simulations can provide
atomically detailed views of protein motions in vacuum or in solutions, sampling multiple
timescales ranging from nanoseconds to milliseconds using supercomputing resources [29].

Therefore, to understand the A-loop and effect of this loop on overall structure of CDK8, we
have employed molecular modeling approach to build the structure of human CDK8 with a
complete A-loop, and used MD simulations to optimize and study dynamic changes of
human CDK8 in solution. Additionally, we have generated theoretical structures of human
CDK&8 with the point mutations of either D173A or D189N to study the effects of the
mutations on the A-loop and overall structures of CDKS8. Furthermore, we have investigated
physical interactions between CDK8 and CycC by yeast two-hybrid approach, and
calculated binding energy between CDK8 and CycC by Molecular Mechanics/Poisson
Boltzmann Surface Area (MM/PBSA) [30] and Molecular Mechanics/Generalized Born
Surface Area (MM/GBSA) [31] methods to understand the dynamics of CDK8-CycC
complex.

Molecular modeling of human CDK8

The molecular modeling procedure was based on the method described by Liu et al [32].
The sequences were aligned by using the ClustalW pairwise alignment algorithm of the
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Vector NTI software [33]. The alignment data were imported into MODELLER version 9.9
[34] to generate the structures of human CDK8 with or without full length of the A-loop or
with the point mutations using the experimentally solved structures as the templates by
searching Protein Data Bank (PDB).

Molecular dynamics simulations of human CDK8

Molecular dynamics simulations were based on the procedure described by Simmerling et al
[35]. All computations for human CDKS, including the initial energy minimization, heating,
and MD simulations, were performed under fully unrestrained conditions using the
supercomputers at Louisiana Optical Network Initiative (LONI). All calculations used
AMBER’s all-atom force field (ff99SB) as implemented in Amber 11 software [36]. The
SANDER and PTRAJ modules of AMBER, respectively, were used for computation and
analysis. A total of 1,000 steps of initial energy minimization, including 500 steepest
descent steps (ncyc=500) followed by 500 conjugate gradient steps (maxcyc-ncyc) and using
a large cutoff (cut=999 angstroms) and non-periodic simulation (ntb=0), were performed to
adjust the human CDKS structures created by MODELLER 9v9. To avoid kinetic
entrapment in local minima, the minimized system was slowly heated from 0 to 325 Kelvin
(K) in seven increments of 50 K over 50 pico second (ps) (5 ps for the first six steps and 20
ps for the seventh step). The production MD simulation was conducted for 50 nano second
(ns) at a constant 325 K in ten 5-ns stages. The generalized Born solvent model was used in
the heating and equilibration phases. Structure images were prepared by using the Visual
Molecular Dynamics (VMD) package [37].

CDK8-CycC binding energy calculations by molecular dynamics simulations

We have followed the procedure in the Amber advanced tutorial 3 provided by Ross Walker
to calculate CDK8-CycC binding energy. The first step was to split the CDK8-CycC pdb file
(PDB code: 3RGF) into the separate structure files: cdk8-cycc.pdb, cdk8.pdb and cycc.pdb.
These three structures were then used to create three gas phase prmtop and inpcrd file pairs
for the MM-PBSA and MM-GBSA calculations as well as one for the solvated complex,
which were used to run the MD simulation. Next, the solvated complex was equilibrated by
carrying out a short minimization, 50 ps of heating and 50 ps of density equilibration with
weak restraints on the complex followed by 500 ps of constant pressure equilibration at 300
K. All simulations were run with shake on hydrogen atoms, a 2 femto (fs) time step and
langevin dynamics for temperature control. Finally, a total of 2 ns production simulation was
run with recording the production coordinates every 10 ps, and the binding free energy was
calculated following the instructions of the Perl script MMPBSA .pl.

Study the interactions between CDK8 and CycC by the yeast two-hybrid approach

We have cloned Drosophila CDK8 (dCDK8) and CycC (dCycC) into pGBKT?7 and
pGADT7, yeast two-hybrid vectors (Clontech, Mountain View, CA, USA), to investigate
physically interactions between pGBKT7 and pGADT7 in yeast cells. The sense and anti-
sense primers of Drosophila CycC are: 5’-
CAGAATTCATGGCGGGCAATTTTTGGCAGAGTTC-3’ (dCycC sense primer) and 5’-
CAGGATCCCTAACGCTGAGGCGGTGGTTTC-3’ (dCycC anti-sense primer). An EcoR
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| site and a BamH 1 site were introduced into the 5’ end of Drosophila CycC sense and anti-
sense primers to subclone dCycC into pGBKT7 and pGADT?7. The sense and anti-sense
primers of Drosophila CDK8 are: 5’-
CACCCGGGAATGGACTACGATTTCAAGATGAAAACGC-3’ (dCDKS8 sense primer)
and 5’-CACTCGAGTCAGTTGAAGCGCTGGAAGTTCTG-3’ (dCDKS8 anti-sense
primer). A Sma | site and a Xho | site were added at the 5’ end of Drosophila CDK8 sense
and anti-sense primers respectively to subclone dCDK8 into pGADT?7 vector. Similarly, the
sense and anti-sense primers of Drosophila CDKS8 are: 5°-
CACCATGGATGGACTACGATTTCAAGATGAAAACGC-3’ (dCDKS8 sense primer) and
5-CAGTCGACGTTGAAGCGCTGGAAGTTCTGC-3’ (dCDKS anti-sense primer). A Nco
| site and a Sal | site were designed at the 5’ end of Drosophila CDK8 sense and anti-sense
primers respectively to subclone dCDK8 into pGBKT?7 vector. The full lengths of CDK8
and CycC were amplified by PCR, the CDK8 and CycC PCR products were first cloned into
PGEM-T easy vector (Promega, Masison, WI, USA), and then subcloned into pGBKT7 and
pGADTY. The correctness of all the constructs was confirmed by DNA sequencing. The
two-hybrid assays were performed in yeast strain Mav203 (Genotype: MAT ¢; leu2-3,112;
trp1-901; his3A200; ade2-101; cyh2R; canlR; gal4A; gal80A; GAL1::lacZ;
HIS3yasgaL1:-HIS3@LYS2; SPAL10::URA3, Life Technologies, Grand Island, USA). The
interaction of each pair of Drosophila CDK8 and CycC was tested by sequential
transformation of the pGBKT7-dCDKS8 (pGBKT7-dCycC) plasmids encoding the Gal4
DNA binding domain (DBD) fusions, and then with the pPGADT7-dCycC (pGADT7-
dCDKS&) plasmids encoding the Gal4 transactivation domain (TAD) fusions. Transformants
were selected on SC-Trp or SC-Leu plates and then on SC-Leu-Trp plates. 3-galactosidase
activity was revealed by quantitative liquid o-nitrophenyl-p-D-galactopyranoside (ONPG)
assay performed according to the manufacturer’s instructions (Life Technologies).

Overall structure of human CDK8 with the A-loop

The predicted A-loop of human CDKS8 has 27 amino acids. The crystal structure of human
CDKS8 (PDB code: 3RGF) contains only seven amino acids at the N-terminal and four
amino acids at the C-terminal end of the A-loop, thus leaving the 16 amino acids in the
middle of the A-loop not determined by X-ray crystallography [25]. To understand the role
of the A-loop and consequence of point mutations within the A-loop, we have employed
molecular modeling approach to build a theoretical structure of human CDK8 with its full
length of the A-loop using two experimentally solved structures as the templates.
Specifically, human CDKS8 crystal structure (PDB code: 3RGF) was to build CDK8
structure except 16 missing amino acids in the middle of the A-loop, and human CDK7
crystal structure (PDB code: 1UA2) was used to build the coordinates of the 12 missing
amino acids in the A-loop. The structure of the rest missing four amino acids was modeled
by MODELLER without a template (Figure 1).

First, we sought to optimize and study dynamics of the theoretical structure of human CDK8
by using MD simulations. Molecular dynamic simulations revealed that the heating phase
displayed a gradual increase in temperature with a few abrupt elevations (Supplementary
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Figure 1a); temperature at the equilibration phase was approximately 325 K, as expected
(Supplementary Figure 1b). The energy profile (Kinetic energy, potential energy, and total
energy) is shown in Supplementary Figure 1c. The kinetic energy was stable, as predicted by
the stability of the temperature plot, which is directly proportional to the kinetic energy. The
total and potential energy plots showed a gradual decrease, implying that the system had
achieved an energy state that is more stable than the starting structure (Supplementary
Figure 1c and Figure 2a). The potential energy plot (Figure 2a), which showed the trend of
potential energy change of the structures, and from which, the structure with the lowest
potential energy, the most stable conformation, was extracted (Figure 2¢) and its coordinates
are provided in the supplemental file. The backbone root-mean-square deviation (RMSD)
plot, generated by using the lowest-energy structure as the reference, showed a decrease in
RMSD during the simulation trajectory (Figure 2b).

Serine/threonine-specific protein kinases (such as CDKSs) and tyrosine-specific protein
kinases share a catalytic domain of —290 residues. The active site of the catalytic domain is
sandwiched between an N-terminal lobe composed of a -sheet and a single a-helix (the “C
helix) and a larger C-terminal lobe, connected by a linker. The C-terminal lobe is
predominantly a-helical and includes the activation loop, a region of 20-35 residues located
between a conserved DFG (using the single letter amino acid codes) motif and a less
conserved APE (using the single letter amino acid codes) motif [38, 39]. In the active
conformation, the C helix (aC) packs against the N-terminal lobe, and the aspartate of the
DFG chelates an Mg2* ion to orientate the ATP substrate. In the inactive conformation,
however, this latter interaction is often disrupted, and the phenylalanine of the DFG motif is
turned in toward the ATP site [40].

CDKSs were considered difficult to target with small molecules because structures of CDKs
in their active and inactive states showed that the activation loop adopts an exclusively
DFG-in conformation [41]. The published structure of the ternary complex of CDK8-CycC
with CDKS8 inhibitor sorafenib was the first to show a DFG-out conformation (DMG-out in
CDKS8) for a CDK in complex with a small-molecule inhibitor [25, 42]. The recent kinetic
study indicated that the structure of CDK8-CycC implicates specificity in the CDK-cyclin
family and reveals interaction with a deep pocket binder. This encouraging result shows that
kinases for which Type Il inhibition was previously believed to be unattainable can undergo
DFG motif rearrangements, thus opening the door to the design of more potent and selective
CDKS8 kinase inhibitors [43].

The structure of human CDKS8 built by MODELLER 9v9 is without its partner CycC and the
sorafenib. Sorafenib (co-developed and co-marketed by Bayer and Onyx Pharmaceuticals as
Nexavar) is a drug approved for the treatment of primary kidney cancer (advanced renal cell
carcinoma) and advanced primary liver cancer (hepatocellular carcinoma) [44]. To
understand dynamics of CDK8 in solution and the effects of CycC and sorafenib on overall
CDKS8 structure, we have analyzed our CDK8 structures generated from the MD
simulations. The CDKS8 structure with the lowest potential energy during 50-ns MD
simulations, designated as the “CDKS8 structure No. 5” (Figure 2b), shows the N-terminal
lobe predominately composed of a -sheet and a larger C-terminal lobe containing a helices
without a single p-sheet. We also did not observe any a helices in the N-terminal lobe.
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When comparing our CDK8 structure No. 5 with the crystal CDK8 structure in the CDK8-
CycC complex with sorafenib, we found that the major differences are located within the N-
terminal lobe. The CDKS8 crystal structure has two a helices (aB and aC) in the N-terminal
lobe, while there is no obvious a helix in the N-terminal lobe of CDK8 structure No. 5. The
N-terminal helix, aB, which is unique to CDK8 and explains discrimination against CDK3
and even other transcriptional CDK-cyclin complexes, such as CDK7-CycH and CDK9-
CycT, makes extensive additional interactions with CycC besides the common binding
surface [25]. aC of CDK®8 becomes an active conformation to relieve the steric block to the
catalytic cleft when CDKS8 is associated with CycC [25], which is in accordance with the
common CDK activation mechanism. The aC helix is expected to stabilize the
conformations of a certain CDKs once they are activated by cyclins [45, 46].

In most of the other CDKSs, but probably not in CDKS8, a second step of kinase activation
requires phosphorylation of the A-loop [47, 48]. To further understand dynamics of two a
helices: aB and aC, during our simulations, we have obtained the CDK8 structures with the
lowest potential energies in the first 10-ns, 20-ns, 30-ns and 40-ns MD simulations, which
were designated as CDKS structure No. 1, No. 2, No. 3 and No. 4, respectively. Our MD
simulations of CDK8 structure demonstrated that aB and aC gradually lost their helical
structural conformation (Figure 3a, 3b, 3c and 3d), suggesting their helical structures
requires presence of its partner CycC or full length of the A-loop can affect their helical
structures.

To further investigate the cause of loss of two helical structures, we have performed an
independent MD simulation of the CDK8 crystal structure (PDB code: 3RGF A chain) using
the identical simulation procedure. The structural differences between CDKS8 crystal
structure and the CDKS8 structure with the lowest potential energy during the 50-ns MD
simulation, designated as the “CDK8 MD structure™ hereafter, are shown in Figure 4. Two
aB and aC of the CDK8 MD structure still maintain their helical structures during the 50-ns
simulations, although their relative local positions have been shifted. Since the CDK8 MD
structure has the A-loop with the deletion of 16 amino acids, it is reasonable to conclude that
presence of CDK8 partner CycC is not necessary to maintain their helical structures and full
length of the A-loop may affect the helical structures of aB and aC.

The structures and dynamics of human CDK8 A-loop

The A-loop plays a critical role in controlling the activation state of the kinases. The A-loop
is often partially disordered in inactive kinases. In many kinases, adoption of the
catalytically competent conformation to form the peptide-binding platform is triggered by
phosphorylation. The side chain of the aspartate in the DFG motif (DMG motif in CDKS8) in
the N-terminal region of the A-loop points towards the phosphate groups of ATP and plays a
critical role in coordinating a magnesium ion, which is required for ATP binding, while the
C-terminal region of the A-loop adopts an open conformation, serving as a platform for
docking the substrate peptides.

Conformational change of DFG motif in the A-loop is reported to be important for kinase
catalysis. Long-time scale MD simulations of the Abl kinase have yielded insights into the
mechanism of the DFG conformational changes [49]. If one considers just the peptide
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segment spanning the DFG motif, the preferred conformation corresponds to the DFG-out
conformation, with the aspartate out of the active site. This is because the backbone ¢ and vy
values in the DFG-in conformation are in an entropically disfavored region of the
Ramachandran diagram, whereas the DFG-out conformation is in a more favorable region.
The DFG-in conformation resembles a coiled spring that is ready to flip to a more favorable
DFG-out conformation. The nucleotide-free DFG-out conformation, which is more flexible
than the DFG-in conformation, might facilitate nucleotide release and the rebinding of ATP
[49]. The DFG flip results in the polar DFG-aspartate entering the hydrophobic environment
previously occupied by the DFG-phenylalanine, which carries a high energetic penalty.
Protonation of the DFG-aspartate, driven by the increase of its pK, upon ATP hydrolysis
and the release of ADP and a magnesium ion from the active site, might decrease the
associated cost in free energy [49].

Due to the conservation of the DFG motif across the kinase family tree, this protonation-
dependent switch might represent a general mechanism that facilitates the release of ADP
from the active site [50]. The MD simulations of the Abl kinase also point to a potential role
of the CDK/Src-like inactive conformation as an intermediate in DFG flipping that would
facilitate the DFG-flip by enabling the bulky hydrophobic DFG-phenylalanine to move
towards the position previously occupied by the DFG-aspartate [49, 51]. One interesting
aspect of this analysis is that intermediate structures in the computational trajectories
correlate with the crystal structures of different kinases. That is, intermediate steps in the
DFG flip can be reconstructed by linking the experimentally determined structures of
different kinases [50].

The A-loop in the CDK8 MD structures are different from the A-loop of crystal CDK8
structure (Figure 5a and 5b), although this loop appears not undergo dramatic changes over
the entire 50-ns simulation time scale by comparing the 10-ns structure with the one of 50-ns
(Figure 5a). However, the DMG stays at outuring the 50-ns simulation. Thus to understand
the dynamic changes, we analyzed hydrogen bond formation and breakage of A-loop during
the simulation.

The hydrogen bond occupation gradually increases in the first 20-ns simulation, and stays
relatively stable in the later 30-ns simulation (Figure 6). Next, we analyzed hydrogen bond
dynamics of each residue in the A-loop. Our analysis shows three categories of hydrogen
bond interactions: (i) high hydrogen bond interactions including D173, R178, K185, D189
and D191, (ii) low hydrogen bond interactions: A172, M174, A177, L179, N181, L190,
P192, V194, T196, F197 and W198 (Figure 7a); (iii) no or nearly no hydrogen bond
interactions: G175, F176, F180, S182, P183, L184, P186, L187, A188, V193 and V195. In
addition, we also found three types of dynamic processes of hydrogen bond formation and
breakage: steady, decrease, increase. For example, K185 stays steady during the simulation
(Figure 7b); while there is hydrogen occupation for the first 30-ns simulation for L179 and
then hydrogen bond interactions disappeared in the later 20-ns simulation (Figure 7c). In
contrast, T196 has no hydrogen bond interaction in the beginning of the simulation (the first
10-ns), and then hydrogen bonding stays at relative low level in the later 40-ns simulation
(Figure 7d).
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The effect of point mutations of D173A and D189N in the A-loop on the overall structures

Asp in the DMG motif of CDK8 is highly conserved, and it is predicted to bind phosphate
group of ATP. It has been experimentally shown that the D173A point mutation of CDK8
completely inactivates its kinase activity [14, 20], but this D173A mutation does not affect
the transcription repression function of CDK8 for certain genes [15]. Our sequence
alignment study showed that Asp173 is highly conserved from yeast to man [5]. A CDK8
point mutation (D189N) was found in diverse tumor samples [28], but the functional
consequence of this point mutation remains unknown. The alignment studies of CDK8
sequences identified a conserved Thr196 in the A-loop from yeast to human [52] and also
across all CDKs [5]. The experimental data demonstrated that Thr172 of CDK4, Thr170 of
CDK?7, and Thr186 of CDK9, corresponding to Thr196 of CDKS, are phosphorylated [27,
53, 54]. The phosphorylated Thr170 (pT170) in CDK7 makes one hydrogen bond through
its phosphate group to the main chain nitrogen of GIn22 from the glycine loop between
1/p2 and approaches the v phosphate of ATP [27], suggesting the importance of Thr
phosphorylation in ATP binding, or its kinase activity, or both. Phosphorylated Thr172
(pT172) must be accessible to y phosphate in the pT172CDK4-CycD3 complex present in
this sample, further supporting that unphosphorylated CDK4-CycD3, unlike
unphosphorylated CDK2-CycA [55], lacks any detectable activity [53]. Phosphorylation of
Thr186 (pT186) in the activation segment is important for CDK9 kinase activity [54].
Unlike other CDKSs, Thr186 is not phosphorylated by the CDK-activating kinase CAK
(CDK7/CycH/Matl) [56], instead it has been suggested that it is an autophosphorylation site
[54].

To understand effects of the point mutations on CDKS8 overall structure, we have generated
the structures of CDK8 D173A, D189N, T196A and T196D. Phosphorylated Thr196
parameter file has not been developed, so we generated T196D to use Asp for mimicking
phosphorylation of Thr196 and T196A as the phosphorylation-site mutant. We found that
the N-lobe and the C-lobe are not separated well in CDK8 D173A, T196A and T196D
mutations, while CDK8 D189N mutation did not influence overall structure of N-lobe and
C-lobe (Figure 8a, 8b, 8c and 8d). Interestingly, CDK8 D173A and T196A did not
significantly affect the helical structures of aB and aC. In contrast, CDK8 D189N and
T196D affect their helical structures.

Next, we evaluated potential energy changes. The potential energy change of CDK8
decreases gradually and smoothly during the 50-ns MD simulations. In contrast, none of the
point mutations has a gradual and smooth trend of decreasing (Supplementary Figure 2a, 2b,
2c and 2d). CDK8 D173A (—8192.73 kcal/mol) has higher average potential energy than
those of CDK8 (-8268.68 kcal/mol), CDK8 D189N (-8296.61 kcal/mol) and CDK8 T196A
(—8236.07 kcal/mol), which are slightly higher than that of CDK8 T196D (—8326.55 kcal/
mol) over the 50-ns MD simulations. By averaging the entire 50-ns simulations, CDK8
T196D has the lowest energy potential as well. The effect of the point mutations on the
lowest potential energy follows the similar trend as the average potential energy: CDK8
D173A (—-8399.94 kcal/mol at 28,603 ps) > CDK8 D189N (-8480.03 kcal/mol 23,717 ps),
CDK8 T196A (-8461.10 kcal/mol at 48,044 ps) > CDK8 (-8536.06 kcal/mol at 49,408 ps)
and CDK®8 T196D (—8532.34 kcal/mol at 41,687 ps).
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To further validate the effect of the point mutation on potential energy, we independently
generated CDK8 D173A, T196A and T196D solely using CDK8 crystal structure as the
template by molecular modeling, and then performed independent 50-ns MD simulations for
each mutation along with the crystal structure as the control. We note that those point
mutations have the A-loops with the 16-amino acid deletion and D189 is located within the
deleted region, thus preventing us from studying effect of D189N mutation using this
approach. The simulation results confirmed that the D173A mutation has higher potential
energy (the lowest potential energy, —7808.91 kcal/mol at 47,003 ps) and T196D has lower
potential energy (the lowest potential energy, —7901.92 kcal/mol at 10,168 ps), suggesting
T196D is thermodynamically more stable and D173A is less stable.

Molecular dynamic simulation of CDK8-CycC complex

Computational methods that combine molecular mechanics energy and implicit solvation
models, such as Molecular Mechanics/Poisson Boltzmann Surface Area (MM/PBSA) [30]
and Molecular Mechanics/Generalized Born Surface Area (MM/GBSA) [31], have been
widely exploited in free energy calculations. The crystal structure of human CDK8-CycC
complex has revealed the residues involved in the physical binding between these two
proteins [25]. The residues of CDKS8 interacting with CycC are localized only in the N-
terminal region (~150 amino acids) (Supplementary Figure 3a), while the residues of CycC
participating the interactions are from the N-terminal, middle and C-terminal regions
(Supplementary Figure 3b). The major contacts between CDK8 and CycC include
electrostatic, hydrogen bond and van der Waals interactions (Supplementary Figure 3a and
3h).

To further evaluate dynamics and binding energy of the CDK8-CycC complex in solution,
MM-PBSA and MM/GBSA methods as implemented in AMBER 11 were used to calculate
the binding free energy for the association of CDK8 and CycC. As summarized in Table 1,
the binding free energies of CDK8-CycC complex are —105.20 kcal/mol by MM/GBSA
method and —103.28 kcal/mol by MM/PBSA method, suggesting binding of CDK8 and
CycC is thermodynamically favored. The binding energies between CDK8 and CycC
calculated by either MM/GBSA method or MM/PBSA method are comparable. In addition,
the major favorable contributors to the binding of CDK8 and CycC of both methods are van
der Waals energies (VDWAALS) and electro-static energies (EEL). The structure of CDK8-
CycC complex with the lowest potential energy in solution during the MD simulation was
extracted (Figure 9A). By comparing this structure with the crystal structure, minor
structural changes were observed (Figure 9B), demonstrating a relative stable CDK8-CycC
complex in solution.

Physical interactions between Drosophila CDK8 and CycC by using yeast two-hybrid

assay

To examine the direct interactions between the fly CDK8 and CycC, CDKS8 or CycC was
fused to the yeast Gal4 DNA-binding or transactivation domain, and then their physical
interaction was tested in the yeast two-hybrid system. As shown in Supplementary Figure 4,
there is no detectable interaction between dCDK8 and dCycC when dCDK8 was fused to
Gal4 BDB and dCycC was fused to Gal4 TAD. In contrast, we observed a weak interaction
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between dCDK8 and dCycC when dCDK8 was fused to Gal4 TAD and dCycC was fused to
Gal4 BDB. These observations are consistent to the previous report that used the LexA yeast
two-hybrid assay [57]. In addition, we found that dCycC-BDB was self-active, suggesting

dCycC is able to physically interact with yeast proteins to initiate transcription in yeast cells.

Discussion and Conclusion

We have employed molecular modeling and simulations to investigate, with atomistic
details, CDK8 and CDKB8-CycC interactions in the rigor state. Although our 50-ns MD
simulations on CDK8 and CDK8 mutations are more extensive than previous simulations,
they remain relatively short compared with the functionally relevant time scales for CDK8
folding in solution. Additionally, we have carried out 2-ns MD simulation for CDK8-CycC
complex that is short time scale for CDK8-CycC binding. Longer simulations will be needed
to assess the convergence of our results, which will be pursued in the future.

The phosphate group of phosphorylated kinase usually promotes closure of the two lobes of
the domain and the correct conformation of the activation segment for substrate binding. For
example, the phosphothreonine 197 of protein kinase A (PKA) acts as an organizing center
and hydrogen bonds to the side chains of H87 from the C helix, R165 located immediately at
the N-terminal to the catalytic aspartate, and K189 from the activation segment [58]. In the
CDKO9-CycT complex, the phosphoresidue was predicted to serve as anchor to adjust the
orientation of three important arginines, thereby inducing an open conformation of the
activation segment involving two of the three proposed arginines [59]. Specifically,
Arg65CDKO9 (aC helix) and Arg148CDK9 (A-loop), interact with pThr186CDK®9, while
Argl72CDK9 (C-lobe) is just too distant [59]. In other kinases [e.g., phosphorylase kinase
(PhK), PDB code: 1PHK; epidermal growth factor receptor (EGFR), PDB code: 2GS2;
CDKS5, PDB code: 1H4L], the activation segment does not require phosphorylation for
activity and is able to adopt the correct conformation through other interactions [40].

In human CDKS, two activation segment distant phosphorylation sites (pThr410CDK8 and
pSer413CDK&8) have been identified in its C-terminus [60], but no functional role has been
described for these yet. Thr196 in the A-loop is conserved from yeast to human [52] and
also across all CDKs [5]. However, there is no experimental data to date demonstrating that
CDKS8 Thr196 is phosphorylated. The CDK8 T196D mutation has the lowest average
potential energy in our 50-ns MD simulation, which prompted us to investigate the hydrogen
bonds of CDK8 T196 and D196. In the CDK8 crystal structure, T196 forms a hydrogen
bond with a water molecule (Water ID: 486) (Supplementary Figure 5a), and T196 forms a
hydrogen bond with R140 in the structure with the lowest potential energy during 50-ns MD
simulation (Supplementary Figure 5b). With full-length of the A-loop, T196 has a hydrogen
bond with R200 (Supplementary Figure 5¢) and D196 has a hydrogen bond with Q251 and
is close to R237 (Supplementary Figure 5d). It thus appears that full length of the A-loop has
an impact on T196 hydrogen bonding, and the T196D mutation completely changes the
hydrogen bond interactions (between T196 and R140/R200).

The interaction between Drosophila CDK8 and CycC has been tested previously using
pAS2 and pACT2 vectors (LexA yeast two-hybrid system) in yeast strain Y190 by yeast

Comput Biol Chem. Author manuscript; available in PMC 2015 August 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Xu et al. Page 12

two-hybrid approach [57]. It appears that dCycC alone is not active in their assay. However,
an interaction between dCDKS8 and dCycC is only observed in the systems when dCycC is
fused with DBD and dCDKS8 is fused with TAD, not in the systems when dCDKS8 is fused
with DBD and dCycC is fused with TAD, which is consistent in both the LexA [57] and
Gal4 yeast two-hybrid assay systems (Supplementary Figure 4). The results from both of the
assay systems demonstrate the interaction between dCDK8 and dCycC is direct, but
relatively weak.

In summary, our molecular dynamic simulations of the 3-D structures of human CDK8 and
CDKS8 point mutations (D173A and D189N) with full-length of the A-loop in solution and
associated binding mode shed light on CDKS8 structure dynamics and interaction between
CDKS8 and CycC. Our results provide a means to evaluate the function of CDKS, its A-loop
and its interaction with CycC. These results will help to improve our understanding of the
exact biochemical and physiological functions and regulation of CDK8 and CycC.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The sequence alignment of human and drosophila CDK8 and human CDK?7 (PDB
code: IUA2, A chain)

Sixteen amino acids in the middle of the human CDK8 A-loop are missing in the crystal
structure of human CDK8 (PDB code: 3RGF, A chain).
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Figure 2. The theoretical structure of human CDKS8 based on molecular modeling and 50-ns
molecular dynamics simulation

a, Change of potential energy as a function of time during the MD simulation; b, The
theoretical structure with the lowest potential energy of human CDKS8, which occurred at
49,408 ps during the MD simulation. The N-lobe, C-lobe, aB, aC, DMG matif, T196, A-
loop and D189 are labeled; ¢, The backbone RMSD during the MD simulation is compared
to the lowest potential energy conformation.
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Figure 3. The molecular dynamic study of human CDK8
a, The CDKS structure with the lowest potential energy during the 10-ns MD simulation; b,

The CDKS structure with the lowest potential energy during the 20-ns MD simulation; c,
The CDKS structure with the lowest potential energy during the 30-ns MD simulation; d,
The CDKS structure with the lowest potential energy during the 40-ns MD simulation.
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Figure 4. Comparison of the CDKS8 crystal and MD Structures

Cyan: crystal CDK8 structure; Orange: CDK8 MD structure
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Figure 5. Dynamics of human CDKS8 A-loop during the 50-ns molecular dynamic simulation
a, The two conformations of human CDK8 A-loop during the 50-ns MD simulation. The

conformation with cyan color was from the structure with the lowest potential energy during
the first 10-ns simulation, and the conformation with orange color was from the structure
with the lowest potential energy during the 50-ns simulation; b, The conformation of the A-
loop of human CDKS crystal structure (PDB code: 3RGF). The 16 amino acids in the
middle of the A-loop are not solved in the X-ray crystallography.
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H Bond Dynamics of Human CDK8 A-Loop

During the 50-ns MD Simulation
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Figure 6. Hydrogen bond dynamics of human CDK8 A-loop during the 50-ns MD simulation
Hydrogen bond occupation of human CDK8 A-loop gradually increases in the first 20-ns

MD simulation and stays relative stable during later 30-ns simulation.
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a H Bond Analysis of the Residues in CDK8 b H Bond Dynamics of K185 in Human CDK8
A-Loop During the 50-ns MD Simulation A-Loop During the 50-ns MD Simulation
s ¢ c 4
s =
Q @
33 3 3 )
S 8
et O i M H ey o Average
K z,
T @
‘S I
g 1 5
[ s ;
%oﬁﬁ'l‘ﬁ'l'rT1 B e N R B
%(\(]’06’3(\2(\25\%\5\1@1&%&%&%@2@k@i@%\"ﬁl\@% No. of 5-ns MD Simulation
c d
H Bond Dynamics of L179 in Human CDK8
A-Loop During the 50-ns MD Simulation H Bond Dynamics of T196 in Human CDK8
5 0.8 A-Loop During the 50-ns MD Simulation
'.E- B 8 0.61
30.61 5
8 s B
o S 0.4]
S 0.4 o~
- £
- s B 11 I Average
g 021 ] s 1 | Average T 0.2 °
34, HINInt= £
12 3 4 5 6 7 8 9 10 @
0.0 -

No. of 5-ns MD Simulation T 32 3 4 5 6 7 8 5 10
No. of 5-ns MD Simulation

Figure 7. Hydrogen bond analysis of the residues in human CDK8 A-loop during the 50-ns MD
simulation

a, Average hydrogen bond distribution per residue (the residues were selected with >10%
average hydrogen bond occupation) in human CDK8 A-loop; b, Hydrogen bond dynamics
of K185 in human CDKS; ¢, Hydrogen bond dynamics of Leul79 in human CDK8 A-loop;
d, Hydrogen bond dynamics of T196 in human CDK8 A-loop.
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Figure 8. The molecular dynamics of CDK8 D173A, D189N, T196A and T196D structures
a, The CDK8 D173A structure with the lowest potential energy during the 50-ns MD

simulation; b, The CDK8 D189N structure with the lowest potential energy during the 50-ns
MD simulation; ¢, The CDK8 D196A structure with the lowest potential energy during the
50-ns MD simulation; d, The CDK8 T196D structure with the lowest potential energy

during the 50-ns MD simulation.
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Figure 9. The theoretical structure of human CDK8-CycC complex with the lowest potential
energy in solution during the molecular dynamic simulation

a, The theoretical structure of human CDK8-CycC complex with the lowest potential energy
in the water box; b, Overlap of MD simulated CDK8-CycC complex with the crystal CDK8-
CycC complex. CDKS8: cyan represents crystal structure and structure presentation
represents MD structure. CycC: cyan represents crystal structure and orange represents MD
structure.
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