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Abstract: Histone modifications occur in precise patterns, with several modifications known to affect the binding of proteins. These
interactions affect the chromatin structure, gene regulation, and cell cycle events. The dual modifications on the H3 tail, serinel0 phos-
phorylation, and lysine14 acetylation (H3Ser10PLys14Ac) are reported to be crucial for interaction with 14-3-3C. However, the mecha-
nism by which H3Ser10P along with neighboring site-specific acetylation(s) is targeted by its regulatory proteins, including kinase and
phosphatase, is not fully understood. We carried out molecular modeling studies to understand the interaction of 14-3-3, and its regula-
tory proteins, mitogen-activated protein kinase phosphatase-1 (MKP1), and mitogen- and stress-activated protein kinase-1 (MSK1) with
phosphorylated H3Ser10 alone or in combination with acetylated H3Lys9 and Lys14. In silico molecular association studies suggested
that acetylated Lys14 and phosphorylated Ser10 of H3 shows the highest binding affinity towards 14-3-3(. In addition, acetylation of
H3Lys9 along with Ser10PLys14Ac favors the interaction of the phosphatase, MKP1, for dephosphorylation of H3Ser10P. Further, MAP
kinase, MSK1 phosphorylates the unmodified H3Ser10 containing N-terminal tail with maximum affinity compared to the N-terminal
tail with H3Lys9AcLys14Ac. The data clearly suggest that opposing enzymatic activity of MSK1 and MKP1 corroborates with non-
acetylated and acetylated, H3Lys9Lys14, respectively. Our in silico data highlights that site-specific phosphorylation (H3Ser10P) and
acetylation (H3Lys9 and H3Lys14) of H3 are essential for the interaction with their regulatory proteins (MKP1, MSK1, and 14-3-30)
and plays a major role in the regulation of chromatin structure.
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Introduction
Histones undergo different posttranslational modifi-
cations such as lysine acetylation, lysine and arginine
methylation, serine and threonine phosphorylation,
sumoylation, ADP-ribosylation, and ubiquitination.'
These modifications are read by the binding partner
‘readers’ at the level of a distinct or multiple modifi-
cations. The binding of partners to histones facilitate
chromatin organization to control gene expression
and perform particular biological functions in spe-
cific phases of the cell cycle.*™

Phosphorylation at serinel0 on histone H3
(H3Ser10P) is linked with two different events,
including transcriptional activation in G1-phase and
chromatin condensation in G2/M-phase of the cell
cycle.” Literature suggests that the phospho-specific
domain containing protein, 14-3-3(, an isoform of
14-3-3 family interacts, with H3Ser10P.° The crystal
structure of 14-3-3( with H3Ser10P peptide (PDB:
2CIN) indicates that it is stabilized by intermolecular
hydrogen bonding interactions.® The side chains of the
14-3-3C residues Lys120, Asn224, and Asnl73 inter-
act with the backbone carbonyl and amide groups of
the H3 peptide. Phosphorylated H3Ser10 is neutral-
ized by a basic pocket formed by 14-3-3( with the
highly basic amino acids Lys49, Argl127, Arg56, and
the side chain amide nitrogen of Asn173. It has also
been shown that 14-3-3C proteins bind to ‘writers’
and ‘erasers’ of histone modification, such as his-
tone acetyltransferase (HAT) and histone deacety-
lases (HDAC) and help in mediating transcriptional
activation of specific subset of mammalian genes
and DNA replication mediated through acetylation
on Lys9 and Lys14.”” Further, the crystal structure
of 14-3-3C interaction with H3Lys9AcSer10P pep-
tide (PDB: 2C1J) showed hydrogen bonding interac-
tions of Ser10P with triad Arg56, Argl27 and Tyr128
and Lys9Ac with Asn224.% Earlier studies have also
linked H3Ser10P to Lysl4Ac on the same histone
tail, and it has been shown that H3Ser10PLys14Ac
is important for binding of 14-3-3( with high affinity
compared to H3Ser10P alone.”!® The bromodomain-
containing proteins are known to interact with
acetylated histones;!! 14-3-3( does not contain a bro-
modomain, suggesting that its molecular interaction
is specific to the phosphoserine residue. Therefore,
whether dual acetylation marks at the chromatin,
H3Lys9, or H3Lys14 is important for stabilizations

and protection of the phosphorylated H3Ser10 during
transcriptional activation of immediate early genes
in interphase of the cell cycle remains an enigma.

The phosphorylation of H3Ser10 on the promoter of
immediate early genes in response to epidermal growth
factor (EGF) is mediated through mitogen- and stress-
activated kinasel (MSKI1), whereas dephosphoryla-
tion of H3Ser10P occurs by mitogen-activated protein
kinase phosphatase 1 (MKP1) in response to vascular
endothelial growth factor (VEGF).'*!* MKP1 is also
known to be overexpressed in many human tumors.'*!3
Thus, MKP1 is a reasonable target for the treatment of
cancer, but the search for inhibitors has been difficult
because of the non-availability of structural informa-
tion for MKP1. MKP1 is a 367-amino acid protein con-
sisting of two domains, inactive N-terminal rhodanase
domain and active C-terminal phosphatase domain,
separated by a flexible loop region containing six pro-
line residues.'® MSK1, a kinase that phosphorylates
H3Ser10, is an 802-amino acid protein with a serine/
threonine nuclear kinase domain and acts downstream
of both ERK and p38 MAPKs.'"!* MSK1 contains two
kinase domains separated by a flexible loop segment.
The crystal structure of the MSK1 N-terminal domain
is available (PDB ID: 1VZO 24-345); however, inac-
tive MSK1 requires the association of an activation
loop residue (Ser376) phosphorylation for conversion
into the active form."”

Inducible site-specific H3 phosphoacetylation
(H3Ser10PLys9AcLys14Ac) is a tightly regulated
process that occurs on the nucleosomes, which is well-
established in the literature.'? It is not clear whether
such dynamic chromatin markers, phosphorylation,
and acetylation on H3 tails, are required indepen-
dently or in concert with one another for their interac-
tion with 14-3-3 and MKP1. Additionally, whether
acetylation is a pre-requisite for MSKI-mediated
phosphorylation of H3Ser10 is not known. The inves-
tigation of interactions between H3Ser10P along with
Lys9 and Lys14 modification(s) and their binding part-
ner, 14-3-3C, has been carried out using biochemical
methods. The existing biochemical experiments from
different labs on different cell lines in response to dif-
ferent inducible agents support and contradict both
hypotheses.®’ The theoretical efforts to delineate the
cross-talk and understand the molecular association
of phosphorylated H3 or acetylated H3 singly or in
different combinations (H3Ser10PLys9AcLys14Ac)
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with ‘writers’ and ‘erasers’ have been limited. The
three-dimensional structures of MKP1 and MSK1
also remains unknown, which are essential for under-
standing their conformation, active regions, interac-
tion sites, and binding domains with other proteins.
To study the molecular interactions of histone H3 with
its binding partner, the expert interface of Haddock
docking server was used. Haddock is an information-
driven flexible docking approach, where active sites
residues are provided for docking.”® To ascertain the
role of each modified residues of histone H3, differ-
ent combination of modified residue complexes were
built and docked. The Haddock score of docked pro-
tein complex is a weighted sum of intermolecular
electrostatic, van der Waals, desolvation, and buried
surface area terms.

Molecular modeling studies suggest that the differ-
ential modification(s), Lys9Ac, Ser10P, and Lys14Ac
at the N-terminal tail of histone H3 regulates its inter-
action with 14-3-3(, MSK1, and MKPI1. In agree-
ment with an earlier study, our in silico results also
suggest that dual phospho-acetylation of H3Ser10-
PLys14Ac favors the interaction with 14-3-3C. The
MKP1 interaction with N-terminal tail of H3 showed
a strong preference for Ser10PLys14AcLys9Ac mod-
ifications over Ser10P alone. The interphase-specific
H3 kinase, MSK1 phosphorylates H3Ser10 with the
highest binding affinity when Lys9Lys14 are non-
acetylated. Our in silico studies demonstrate that
differential phospho-acetylation on the N-terminal
tail of H3 is highly dynamic and regulates its revers-
ible interaction(s) with binding partners, MSK1 and
MKPI.

Methods
Homology modeling of MKP1

and MSK1 structures

We conducted homology modeling due to the unavail-
ability of crystallographic coordinates of MKP1. The
model of active the C-terminus phosphatase domain
of MKP1 (172-314 aa) was constructed using PDB
ID: 3EZZ as a template. The N-terminal crystal struc-
ture of MSK1 is available, but to model the phospho-
rylated Ser376 residue of the flexible loop near the
active site, PDB ID: 3A8X was used as a template for
homology modeling of MSK1 with amino acid resi-
dues from 42-380. Modeling studies were performed
using Swiss Model.?! The modeled structure of

MKP1 and MSK1 were cross-validated using multi-
ple tools such as Procheck,” Verify 3D,* and Errat*
using SAVES server (http://nihserver.mbi.ucla.edu/
SAVES/). The cross-validated modeled structures of
MKP1 and MSK1 are shown as Figure 1 and second-
ary structures for both are depicted in Supplementary
Figure S1.

Refinement of crystal structure
of 14-3-3C with native H3 peptide and

its posttranslational modifications (PTM)
In the crystal structure of histone H3 (PDB ID:
2C1J),% acetylation at Lys9 and Lys14 and phos-
phorylation at Ser10 was generated using Discov-
ery Studio Visualizer version 3.5. A total of seven
structures of histone H3 were modeled which
encompassed combinations of modifications [Lys9,
Ser10, Lysl4, Lys9-Serl0, Lys9-Lysl4, SerlO-
Lys14, and Lys9-Ser10-Lys14] (Supplementary
Fig. S2). The Haddock server® was used to score
the refinement of PDB ID: 2C1J as native and the
modified 14-3-3( and histone H3 complex. The
Haddock scores of the complexes are tabulated in
Table 1 and Figure 2.

Molecular association of MSK1

with histone H3 and its PTM

modified structure

The full-length (1-21 aa) loop structure of histone H3
was used to build the three PTM-modified structure
[Lys9, Lys14, Lys9-Lys14]. The modeled structure of
MSK1 was docked with native and the three PTM-
modified structure of histone H3 using the Haddock

Figure 1. Homology modeling of MKP1 and MSK1 structures
(A) Homology modeled structure of C-terminal phosphatase domain
of MKP1 (172-314 aa) is shown in yellow color, while the active site
includes His257, Cys258, GIn259, Ala260, Gly261, lle262, Ser263,
and Arg264 residues in orange color. (B) Homology modeled structure
of N-terminal kinase domain of MSK1 (42-380 aa) is shown in yellow
color. The blue colored region is the flexible loop near the active site. The
orange color indicates the active site residues Lys85, 188, Val89, Thr95,
Arg102, GIn122, and Leu127.
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Table 1. 14-3-3¢ with histone H3 PDB complex and its PTM structure.

PDB complexes HADDOCK score Interacting residues
H-bonds Hydrophobic
14-3-3( —-40.3+2.1 Arg8: Glu180 Ala7: Leu227
H3 Lys9: Asp223, Asn224 Ser10: Leu172
Thr11: Lys120, Asn173 Gly12: Lys49
Lys14: Lys49
14-3-3( —62.4+53 Arg8: Glu131, Glu180 Arg8: Leu227
H3Ser10P Lys9: Asp223, Asn224 Lys9: Leu220
Ser10: Arg56, Arg127, Tyr128 Ser10: Leu172,
Thri1: Lys120, Asn173 Val176
Gly12: Argb6
Lys14: Lys49
14-3-3( 465126 Arg8: Glu180 Ala7: Leu227
H3Ser10PLys9Ac Lys9: Asn224 Lys9: Asp223
Ser10: Arg56, Arg127, Tyr128 Ser10: Leu172
Thr11: Lys120, Asn173
Gly13: Lys49
14-3-3( -119.7+2.5 Ala7: Asp223 Ala7: Leu227, Leu220
H3Ser10PLys14Ac Arg8: Glu131, Glu180 Lys9: Leu220
Lys9: Asp223, Asn224 Thr11: Lys120
Ser10: Arg56, Arg60, Arg127
Thr11: Lys120
Gly12: Lys49
14-3-3( -54.0+6.8 Arg8: Glu180 Ala7: Leu227
H3Lys9AcSer10PLys14Ac Lys9: Asn224 Arg8: Val176
Ser10: Arg56, Arg127, Tyr128 Ser10: Leu172
Thr11: Asn173, Lys120
Gly13: Lys49
14-3-3( -29.0+4.5 Arg8: Glu180 Ala7: Leu227, Val176
H3Lys9Ac Lys9: Asn224 Lys9: Asp223
Thri1: Lys120, Asn173 Ser10: Asn173
Lys14: Lys49
14-3-3( -98.9+24 Ala7: Asp223 Ala7: Leu227
H3Lys14Ac Arg8: Glu180 Lys9: Leu220
Lys9: Asp223, Asn224 Arg8: Glu180
Thr11: Asn173, Lys120 Gly12: Lys49
Gly12: Lys49
Lys14: Arg60
14-3-3( —-43.0+1.8 Arg8: Glu180 Lys9: Leu220, Leu227
H3Lys9AcLys14Ac Lys9: Asn224 Arg8: Asp223

Ser10: Arg127
Thr11: Lys120, Asn173
Gly13: Lys49

Gly12: Lys49

Note: Bold letters indicate histone H3 and italics indicate binding partners.

server (Fig. 1B and Supplementary Fig. S3).2° The
active site residues (Lys85, Ile88, Val89, Thr95,
Argl02, GIn122, and Leul27) of MSK1 and (Lys9,
Ser10, and Lys14) of histone H3 were provided as
input parameters for targeted docking. The protein-
protein interactions, Haddock score, hydrogen bonds,
and hydrophobic interactions are tabulated in Table 2
and Figure 3.

The molecular interactions of the docked com-
plexes were analyzed using Ligplot* for hydropho-
bic interactions (Supplementary Fig. S4). Discovery
studio visualizer 3.5 was used to identify residues
involved in hydrogen bonding between the two pro-
teins and for the diagrammatic illustration of the resi-
dues involved in the hydrogen bond formation in the
docked complex.

274

Bioinformatics and Biology Insights 2013:7


http://www.la-press.com

Molecular interaction of modified H3 with its regulatory proteins

Figure 2. Docking of 14-3-3-{ with histone H3 and its PTM
structure (A) 14-3-3C and histone H3Ser10PLys14Ac (B) 14-3-3( and
histone H3Lys9AcSer10PLys14Ac. The ribbon diagram of 14-3-3(
(grey) with the residues (violet) and histone H3 peptide (orange) with
the residues (red) are involved in H-bonding interaction and are shown
as a dotted black line.

Molecular association of native MKP1
with histone H3 and its PTM modified

structure

The full length (1-21 aa) loop structure of histone H3
from the crystal structure of the Xenopus nucleosome
(PDB ID: 1KX5) was used.” Histone H3 is 100%
conserved between Xenopus and humans. The com-
bination of Lys9, Ser10, and Lys14 modifications was
generated by site-specific acetylation and phosphory-
lation resulting in seven PTM structures of histone
H3 [Lys9, Serl0, Lys14, Lys9-Serl0, Lys9-Lys14,
Ser10-Lys14, and Lys9-Ser10-Lysl4]. The mod-
eled structure of MKP1 was docked with native and
seven PTM structures of histone H3 using the Had-
dock server (Fig. 1A and Supplementary Fig. S3).%°
The active site residues (His257, Cys258, GIn259,

Ala260, Gly261, Ile262, Ser263, and Arg264) of
MKPI1 and (Lys9, Serl0, and Lys14) of histone H3
were used as input parameters for docking. The Had-
dock scores of the complexes are tabulated in Table 3
and Figure 4. The results were analyzed for protein-
protein interactions and emphasis was given for weak
intermolecular interactions such as hydrogen bonding
and hydrophobic interactions.

Results and Discussion

Histone H3 phosphorylation is involved in the tran-
scriptional activation of genes in interphase cells.
The phosphorylation of histone H3Ser10 is known to
facilitate acetylation of Lys9 and Lys14. Cross-talk
between site-specific phosphorylation and acetyla-
tion of the H3 tail regulates this process, but whether
this occurs singly or in combination is not clearly
understood. We have investigated in silico interac-
tions between the regulatory proteins MKP1, MSK1,
and 14-3-3( and different combination of site-spe-
cific histone H3 modifications on Lys9, Serl0, and
Lys14.

Homology modeling of MKP1
and MSK1 structures

Homology modeling was carried out for MKP1 and
MSK1 by studying their molecular interactions with
modified and unmodified H3.

Modeling of MKP1 structure

MKP1 consists of 367 amino acids with two domains
that are separated by a flexible loop region. Truncated
MKP1 with a deleted N-terminal rhodanase domain
showed evidence of better phosphatase activity
than its full-length counterparts, both in vivo and
in vitro.?” However, C-terminal truncations could nei-
ther change substrate affinity nor substrate-dependent
catalytic activation. These studies clearly suggest
that the C-terminal domain regulates the phosphatase
activity of MKP1.”® To examine the importance of
MKP1 protein and its molecular interactions with
other proteins, we built conducted modeling studies
as the crystal or solution structure of MKP1 was not
available. Data from the Protein Data Bank revealed
that the C-terminal crystal structure of human MKP2
(PDB ID: 3EZZ) has sequence identity of 85.31%
with human MKP1. Therefore, this structure was used
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Table 2. Docking of native MSK1 with histone H3 and its PTM structure.

Docked complexes HADDOCK score Interacting residues
H-bonds Hydrophobic
MSKA1 -921+7.8 Ser10: Lys43, Val44 Gly12: Thr123
H3 Gly12: Lys85 Gly13: Glu369
Lys14: Glu124, Leu364, Glu369 Lys14: G/lu369
Arg17: Lys370
Leu20: Lys370
Ala21: Lys370
MSKA1 —-47.4+9.0 Ala1: G/u369 Lys9: Glu124
H3Lys9Ac Arg8: Glu47 Ser10: Lys126
Lys9: Glu124 Thri1: Glu47, Tyr359
Ser10: Thr125, Lys126
Gly12: Glu47
Arg17: Tyr359
MSK1 —-64.0+6.5 Ala1: Ser367, Glu369 Arg2: Pro365
H3Lys14Ac Thr3: Glu124 Gly13: Glu42
Lys9: Glu124, Glu369
Ser10: Lys85, Glu369
Arg17: Lys43, Glu47
Lys18: Glu47, lle69
MSKA1 -50.2+10.2 Ala1: Glu369 Arg2: Pro365
H3Lys9AcLys14Ac Arg8: Glu47 Ser10: Thr123

Lys9: Glu124
Ser10: Thr125, Lys126
Gly12: Glu47
Arg17: Tyr359

Thr11: Tyr359

Note: *Bold letters indicate histone H3 and italics indicate binding partners.

as a template for homology modeling of C-terminal
of MKP1 from 172—-314 amino acids. The dual speci-
ficity protein phosphatase (DUSP) domain is also
reported to be located between 180-312 amino acids.
The modeled structure of MKP1 was found to have
a QMEAN Z-score of —0.693.2' The energy of the
MKP1 structure was minimized using Discovery stu-
dio 2.5, from an initial potential energy of —5246.07
to —9131.51 kcal/mol by conjugate gradient con-
verging at 1397 steps. The MKP1 structure was later
validated using the SAVES server and showed that
0.8% residues were located in the disallowed region
of the Ramachandran plot according to Procheck,?
confirming the correct overall geometry of the
MKP1 model. Verfiy 3D* showed 89.19% residues
with average 3D to 1D scores >(0.2 by assigning a
structural class. The modeled structure of C-terminal
of MKPI1 (172— 314 aa) and the active site residues
(257-264 aa) are shown in red color in Figure 1A and
Supplementary Figure S1A. The modeled structure
has four beta-sheets, five alpha-helices, and seven
loops. The overall quality of the model is given by

ERRAT score* of 98.519 by analyzing the non-
binding interaction between different atom types.

Modeling of MSK1 structure

Earlier studies showed that the C-terminal (CTD) and
N-terminal domains (NTD) of MSKI are structur-
ally distinct kinases. NTD MSK1 belongs to the AGC
kinase family and is characterized by a kinase domain
followed by a hydrophobic motif region with phospho-
rylation sites.!” The crystal structure of the N-terminal
kinase domain of MSK1 is available (PDB ID: 1VZO
24-345); however, inactive MSKI1 requires an asso-
ciation with the phosphorylated loop residue (Ser376)
to convert into the active form. Therefore, to model the
loop with the N-terminal domain, PDB ID: 3A8X was
used as template for homology modeling. 3A8X is the
crystal structure of protein kinase C (PKC-iota), which
has sequence identity of 62% with the N-terminus
of MSK1. The modeled structure of MSKI1 has a
QMEAN Z-score —1.216.* The modeled structure
of N-terminal of MSK1 (42-380 aa) with the active
site residues (Lys85, I1e88, Val89, Thr95, Argl02,
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Figure 3. Docking of MSK1 with histone H3 and its PTM structure
(A) MSK1 and histone H3 and (B) MSK1 and histone H3Lys9AcLys14Ac.
The ribbon diagram of MSK1 (grey) with the residues (violet) and histone
H3 peptide (orange) with the residues (red) are involved in the H-bonding
interaction and is shown as a dotted black line.

GIn122, and Leul27) are highlighted in red color,
while the cyan color indicates the loop (345-380 aa)
in Figure 1B. The modeled structure was energy mini-
mized by Discovery studio 2.5 from an initial potential
energy of —11978.41 to —22806.55 kcal/mol by con-
jugate gradient, which converged at 1348 steps. The
modeled structure has four beta-sheets, fifteen alpha-
helices, and fifteen loops (Supplementary Fig. S1B).
The MSK 1 model validated through the SAVES server
showed 0.7% residues are in the disallowed region of
the Ramachandran plot according to Procheck,? which
confirmed the correct overall geometry. Verfiy 3D*
showed that 88.82% residues have average 3D to 1D
scores of >0.2 by assigning a structural class. The
overall quality of the model was given by the ERRAT
score** of 95.886 by analyzing the non-bonding inter-
action between different atom types.

The modeled structures of MSK1 and MKP1 with
active domains will be used for molecular interaction
studies with H3 peptide with either phosphorylation
or acetylation at specific residues, Lys9, Serl0, or
Lys14.

Interaction of crystal structure

of 14-3-3( with native H3 peptide

and its PTM modified structures
Phosphorylation of histone H3 at Serl0 has been
implicated in transcriptional activation of immedi-
ate early genes in organisms ranging from yeast to
humans in interphase.”” Mahadevan et al demonstrated
that 14-3-3( interacts with H3 only when phosphory-
lated at Ser10.® Additionally, recruitment of 14-3-3C
has been observed at the promoters of transcription-
ally active genes, c-fos and c-jun.® The activation of
HDACT gene transcription and binding of 14-3-3C at
its promoter have been shown to be directly correlated
with phosphorylation of H3Ser10.” 14-3-3C has also
been shown to play a crucial role in the transcription of
the mammalian FOSL1 gene by binding of the histone
acetyltransferase, MOF.** The study also suggested
that H3Lys9Ac is involved in recruitment of MOF,
but supportive evidence and how 14-3-3 mediates the
crosstalk between H3Ser10 phosphorylation and Lys9
acetylation during transcription are not available.

The interaction of 14-3-3( with phosphorylated
proteins occurs through the two most favorable
binding motifs.’! The phosphorylated peptide of H3
forms a conserved primary interaction with Arg56,
Argl27, and Tyr128 residues of 14-3-3(. Since the
crystal structure of 14-3-3( bound to an H3 peptide
was available (PDB ID: 2C1J), the complex was sub-
jected to the refinement mode of the Haddock server
to score the interactions (Table 1 and Supplementary
Fig. S4.1). The complex in which H3 is modified at
Ser10 and Lys14 showed a high Haddock score, while
the complex with acetylation at Lys9 showed the low-
est Haddock score. In all the complexes with a phos-
phorylated Ser10, a conserved interaction with triad
Arg56, Argl27, and Tyr128 was observed (Fig. 2).
Our docking studies also support earlier studies of
the molecular interaction between the phosphopep-
tide-interacting motif and the Arg—Arg—Tyr triad of
14-3-3C.%?

Ourinsilico datasuggestthat 14-3-3{ interacts more
strongly with H3Ser10P than with H3Lys9AcSer10P,
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Table 3. Docking of native MKP1 with histone H3 and its PTM structure.

Docked complexes HADDOCK Interacting residues
score H-bonds Hydrophobic
MKP1 —-61.8+6.8 Arg8: GIn259 Ser10: Ala260
H3 Thri1: Asp227 Lys14: Asn228
Lys14: Asn228
Arg17: Asp227, Asn228
Ala21: His229
MKP1 -90.3+3.8 Arg8: GIn259 Thr3: lle294
H3Ser10P Ser10: Cys258, GIn259, Ala260, Lys9: Ser296
Gly261, lle262, Ser263, Arg264
Arg17: Asn298
MKP1 -121.6+16.4 Lys9: GIn259 Gly13: Phe299
H3Lys9AcSer10P Thri1: Asp227 Lys14: Phe299
Ser10: Cys258, GIn259, Ala260, Lys18: Phe299
Gly261, lle262, Ser263, Arg264
MKP1 -122.6 £ 17.7 Thr3: Arg292 Lys9: Ser185
H3Ser10PLys14Ac Thri1: Asp227, Asn298 Lys14: Phe299
Arg17: Ser296, Pro297
Lys18: Asp282, Glu286
Ser10: Cys258, GIn259, Ala260,
Gly261, lle262, Ser263, Arg264
MKP1 -138.6 121 Thri1: Asp227 Lys9: lle262, Ala260
H3Lys9AcSer10PLys14Ac Ser10: GIn259, Ala260, Gly261, Gly13: Phe299
lle262, Ser263, Arg264 Lys14: Phe299, Asn298
Arg17: Ser296, Pro297 Lys18: Phe285
Lys18: Asp282, Glu286
MKP1 -56.8 £6.9 Ala1: Ser296 Lys4: Asp227
H3Lys9Ac Thr3: Asp227 Lys9: Ala260, lle262
Lys9: Gly261 Gly13: Tyr187
Ser10: Arg292
Lys14: Tyr187
Lys18: His213
MKP1 —-67.8+6.3 Ala1: Asn209, Glu226 Lys4:Try187
H3Lys14Ac Thr3: Ser185, Tyr187 Lys9: Ala260
Arg8: Asp227, GIn259 Thri1: Asp227
Lys9: GIn259
Ser10: Asp227
MKP1 -61.9+4.4 Ala1: Ser296 Lys9: GIn259, lle262, Ser263
H3Lys9AcLys14Ac Thr3: Arg264 Arg17: Tyr187

Lys9: Gly261, lle262
Lys14: Tyr187
Lys18: Ser190, His213

Note: *Bold letters indicate histone H3 and italics indicate binding partners.

which contradicts previous experimental results.”
A possible reason for the lower binding affinity of
H3Lys9AcSer10P with 14-3-3C is the change in the
salt bridge and H-bonding between the two proteins
(Supplementary Fig. S4.1 and S4.1e). The acetylation
at Lys9 and Lys14 alters the specificity of interaction
of the phosphorylated peptide. Specifically, acetyla-
tion of Lys9 confers a negative charge, which pre-
vents salt-bridge formation with Asp223 observed in
all the complexes. Acetylated Lys9 prefers hydrogen

bonding with Asn224 rather than Asp223. However,
non-acetylated Lys9 forms salt-bridge interaction with
Asp223 and the hydrogen bond with Asn224. This
suggests that the non-acetylated peptide at Lys9 may
bind with higher affinity to 14-3-3{ compared to the
peptide with an acetylated Lys9. In the crystal struc-
ture, the side-chain of Lysl4 pointing away from
14-3-3( thus limits a direct interaction. To compare
the individual role of acetylation at Lys9 and Lys14,
the complex with only Lys14 acetylated yielded —98.9
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Figure 4. Docking of MKP1 with histone H3 and its PTM structure
(A) MKP1 and histone H3Ser10 and (B) MKP1 and histone H3Lys9Ac-
Ser10PLys14Ac. The ribbon diagram of MKP1 (grey) with the residues
(violet) and histone H3 peptide (orange) with the residues (red) are
involved in the H-bonding interaction and is shown as a dotted black line.

Haddock score as compared to —29.0 score from
only Lys9 acetylated complex. To study the effect
of Lys9 and Lys14 acetylation in combination with
Ser10 phosphorylation, the complex with Ser10 and
Lys14 modification yielded highest score —119.7 as
compared to —46.5 for the complex with Ser10 and
Lys9 modification (Table 1).

The complex with all modifications yielded a lower
score compared to the 14-3-3( H3Ser10PLys14Ac
complex, indicating that Lys9 acetylation decreases
the binding affinity while Lys14 acetylation increase
the binding affinity of the phosphorylated peptide.
In this scenario, lysine acetylation may function as
an ‘auxiliary modification’ that supports the rela-
tively weak interaction of 14-3-3( with H3Ser10P.
Modified crystal structure (PDB ID: 2C1J) studies of
the 14-3-3( interaction with the H3 peptide contain-
ing phosphorylated Serl10 and acetylated Lys9 and

Lys14 suggested no major alterations in the interac-
tions compared to in 14-3-3( and H3 phosphopeptide
complexes (Fig. 2). However, our in silico studies
suggest that acetylation of Lys9 residue decreases the
binding affinity. The alterations in hydrogen bond-
ing and salt bridge formation due to introduction of
acetyl groups resulting in charge neutralization may
contribute to the decreased molecular interaction of
14-3-3C with the H3 phosphoacetylated peptide.

The dual acetylation of Lys9 and Lys14 along with
Ser10 phosphorylation allows one-step higher level of
mechanism for controlling gene regulation. The dual
modification will result in different combinations and
provide different interaction sites for different inter-
acting partners on the basis of charge or domain and
may respond to distinct signaling pathways. In con-
trast, a previous study indicated no significant effect
of dual H3Lys9/Lys14 acetylation on this interaction.
Our data clearly indicates a modulation of the 14-3-3C
and histone H3 interaction by dual acetylation at Lys9
and Lys14 (Fig. 2B). This decreased binding affin-
ity of 14-3-3{ with acetylation at Lys9 may result
because the positive effect of single acetylation is
neutralized by the dual acetylation or due to the close
proximity of H3Ser10P with Lys9, which may affect
the interaction of the phospho-domain of 14-3-3.
The dual acetylation and phosphorylation may also
modulate 14-3-3( interactions with other regulatory
proteins such as HATs, HDACs, and phosphatases,
among others.

Docking of native MSK1 with histone H3

and its PTM modified structure

The dephosphorylation and phosphorylation of
H3Ser10P in response to different stress-inducing
agents such as oxidative stress and UV irradiation is
a highly dynamic and reversible.**** MSK1 belongs
to a family of protein kinases that contain two active
domains in one polypeptide chain.*® In the dual domain
protein kinase MSK 1, the N-terminal kinase has been
shown to be phosphorylated by exogenous substrates,
while the C-terminal kinase and the linker region act
to regulate activity of the N-terminal kinase."

The modeled structure of N-terminal domain
of MSK1 (42-380 aa) was docked with native and
acetylated histone H3 at Lys9 or Lys14 independently
or together (Fig. 1B and Supplementary Fig. S3).
The active site residues (Lys85, 11e88, Val89, Thr95,
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Argl02,GIn122,and Leul27) of MSK1 were obtained
from the literature.*® The native histone H3 scored
highest compared to acetylated Lys9 and Lysl4
(Table 2). The bound state is stabilized by an intra-
molecular interaction. In native histone H3, the salt-
bridge interaction was observed between Lysl4 of
H3 with Glul124 of MSK1, but when histone H3 was
acetylated at either position, Lys9 forms a salt-bridge
with Glul24 (Fig. 3 and Supplementary Fig. S4.2).
Histone H3 acetylation at Lys14 favored an interaction
with MSK 1 with a Haddock score of —64.0 compared
to a—47.4 score for Lys9 (Table 2). Haddock scores for
the interaction of MSK1 with H3Ser10PLys9Ac and
H3Ser10PLys14Ac clearly suggest that acetylation is
not a prerequisite for phosphorylation of H3Ser10P
by MSK 1. The phosphoserine Ca-CP bond is free to
rotate. Thus, for an extended peptide that binds along
the groove, two orientations are possible, differing by
a two-fold rotation around the Ca-C bond. There-
fore, the phosphorylated H3 tails may change their
conformation to favor the interaction with 14-3-3C.
Since the amino-acid composition of histone H3 sur-
rounding Ser10 does not match that of the high-affin-
ity 14-3-3C binding motifs, the postulated modulation
of binding may only be relevant for a specific subset
of 14-3-3(-associated proteins with initial low-affin-
ity binding to interact with other histone modifying
enzymes such as HATs. Previous experimental results
have suggested that the interaction of 14-3-3 with
the phosphorylated H3Ser10 favors the interaction
of HATSs responsible for acetylation of Lys14."? Col-
lectively, the phosphorylation of Ser10 by MSKI1
followed by low affinity interaction of 14-3-3( and
acetylation of Lys14 by HAT stabilizes the binding
of 14-3-3( to differentially modified H3 in interphase
cells to interact with other proteins.

Docking of native MKP1 with histone
H3 and its PTM structure

MKP1 is considered as a regulator which controls the
access and recruitment of the transcriptional machin-
ery to the promoter of targeted genes by dephospho-
rylating H3 on Serl0 after stimulation of endothelial
cells by VEGF or thrombin."* Previous studies by us
and other groups have shown that in interphase cells,
H3Ser10P is associated with acetylation of H3Lys9
and Lys14, which may favor gene transcription. This
suggests that the interaction of MKP1 with H3Ser10P

will be in the neutralized positive charge surrounding
due to Lys9 and Lys14 acetylation. However, the role
of H3Lys9 and Lys14 acetylation in the dephospho-
rylation of H3Ser10 has been the subject of debate.
These modifications are known to occur in response
to the same stimuli, in the same tissue, and on the
same histone tails.'? In silico studies were carried out
to understand the effect of neighboring acetylation on
H3Lys9 and H3Lys14 on the dephosphorylation of
H3Ser10P by MKP1.

The homology model structure of the C-terminal
phosphatase domain of MKP1 (172-314 aa) was
used for docking with the loop crystal structure of H3
peptide (1-21 aa) using the Haddock server (Fig. 1A
and Supplementary Fig. S3). The active site amino
acid, Cys258, and nearby residue important for the
formation of the active site (His257, Cys258, GIn259,
Ala260, Gly261, I1e262, Ser263, and Arg264) for
MKP1 were obtained from UniProt ID: P28562.
These residues were used for targeted docking native
and modified histone H3 peptides. Haddock scores
from all eight complexes suggested that the complex
of MKP1 and H3Lys9AcSer10PLys14Ac showed
the strongest binding compared to the complex con-
taining the native histone H3 and MKP1 (Table 3,
Supplementary Fig. S4.3 and Fig. 4). The Ser10 mod-
ification of histone H3 increased the binding affinity
from—61.8t0—90.3 with MKP1. However, when either
Lys9 or Lys14 acetylation was added with Ser10, the
Haddock score increased from —90.3 to around —122.
The residues involved in the interaction with phos-
phorylated Ser10 are mostly from active site (GIn259,
Ala260, Gly261, Ile262, Ser263, Arg264) of MKP1
observed in all the complexes. Based on this observa-
tion, acetylation at Lys9 or Lys14 may favor the inter-
action between Ser10 with MKP1. The modification
of H3 at all the three locations (Lys9, Ser10, Lys14)
further increased the hydrophobic interactions lead-
ing to form a stable and high-affinity interaction with
MKP1 (Supplementary Fig. S4.3).

Our molecular modeling and previous studies sug-
gest that the phosphorylation of H3Ser10 by MSK1
favors the recruitment of 14-3-3(, which in turn recruits
HATs and acetylates H3Lys9 and H3Lys14. Acetylation
protects the phosphorylation at H3Ser10 from being
removed by phosphatase and the acetylation of the H3
tail favors active chromatin organization, which facili-
tates gene transcription. The level of MKP1 is known
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to increase in response to stress-inducing agents such
as oxidative stress.!®* Based on our in silico results, we
hypothesize that the enhanced level of MKP1 may favor
concentration-dependent binding and replacement
of 14-3-3C from H3Ser10PLys14Ac. The increased
binding of MKP1 dephosphorylates H3Ser10P. The
dephosphorylation of H3Ser10 favors deacetylation of
H3Lys9/Lys14, which favors condensation of chroma-
tin structure. Thus, these studies suggest that different
proteins targeted to different PTMs can regulate chro-
matin structure and gene expression. However, our
in silico findings can be validated by in vitro assays
such as isothermal titration calorimetry and peptide
pull-down coupled with mass spectroscopy to under-
stand the interaction of proteins with no specific inter-
acting domains for different types of posttranslational
modifications.

Summary

The combinations of different modifications on
histone tails alter the interaction of histone proteins
with DNA and effector proteins. Histone H3Ser10
phosphorylation along with acetylation on neigh-
boring lysine residues, Lys9 and Lys14, are highly
dynamic modifications that regulate their inter-
actions with other functional proteins in inter-
phase cells to favor transcriptional activation. In
silico studies revealed that phosphorylation is the
prime event with interaction of 14-3-3( followed
by acetylation of Lys9 and Lys14 on the H3 tail.
MKP1 dephosphorylates H3Ser10P in response to
stress, but Lys9 and Lys14 acetylation favors the
interaction of MKP1 with H3, whereas acetylation
of Lys9 and Lys14 do not favor phosphorylation of
H3Ser10 by MSK1. These data suggest that these
dual modifications have implications for acces-
sibility and further protein-protein interactions in
response to different stimuli.

Author Contributions

Conceived and designed the experiments: SG, NG,
AKS, AM. Analyzed the data: SG, NG, AKS, AM.
Wrote the first draft of the manuscript: SG, NG. Con-
tributed to the writing of the manuscript: AKS, AV.
Agree with manuscript results and conclusions: SG,
NG, AV, AKS, AM. Jointly developed the structure
and arguments for the paper: SG, NG, AV. Made criti-
cal revisions and approved final version: SG, NG,

AKS. All authors reviewed and approved of the final
manuscript.

Funding

Authors would like to acknowledge Gupta Lab,
CRI-ACTREC and Distributed Information Sub
Centre (DISC), ACTREC funded by Biotechnology
Information System Network (BTISnet), Depart-
ment of Biotechnology (DBT), Government of India.
AKS thanks ICMR for research fellowship number
1598. AM thanks BTIS facility for BTIS- short-term
fellowship.

Competing Interests
Author(s) disclose no potential conflicts of interest.

Disclosures and Ethics

As a requirement of publication the authors have pro-
vided signed confirmation of their compliance with
ethical and legal obligations including but not lim-
ited to compliance with ICMJE authorship and com-
peting interests guidelines, that the article is neither
under consideration for publication nor published
elsewhere, of their compliance with legal and ethi-
cal guidelines concerning human and animal research
participants (if applicable), and that permission has
been obtained for reproduction of any copyrighted
material. This article was subject to blind, indepen-
dent, expert peer review. The reviewers reported no
competing interests.

References

1. Strahl BD, Allis CD. The language of covalent histone modifications. Nature.
2000;403(6765):41-5.

2. Cohen I, Porgba E, Kamieniarz K, Schneider R. Histone modifiers in cancer:
friends or foes? Genes Cancer. 2011;2(6):631-47.

3. Yun M, Wu J, Workman JL, Li B. Readers of histone modifications. Cell Res.
2011;21(4):564-78.

4. Bannister AJ, Kouzarides T. Regulation of chromatin by histone modifications.
Cell Res. 2011;21(3):381-95.

5. Nowak SJ, Corces VG. Phosphorylation of histone H3: a balancing act
between chromosome condensation and transcriptional activation. Zrends
Genet. 2004;20(4):214-20.

6. Macdonald N, Welburn JP, Noble ME, et al. Molecular basis for the recog-
nition of phosphorylated and phosphoacetylated histone h3 by 14-3-3. Mol
Cell. 2005;20(2):199-211.

7. Lottersberger F, Panza A, Lucchini G, Longhese MP. Functional and physi-
cal interactions between yeast 14-3-3 proteins, acetyltransferases, and
deacetylases in response to DNA replication perturbations. Mol Cell Biol.
2007;27(9):3266-81.

8. Wang AH, Kruhlak MJ, Wu J, et al. Regulation of histone deacetylase 4 by
binding of 14-3-3 proteins. Mol Cell Biol. 2000;20(18):6904—12.

9. Winter S, Simboeck E, Fischle W, et al. 14-3-3 proteins recognize a histone
code at histone H3 and are required for transcriptional activation. EMBO J.
2008;27(1):88-99.

Bioinformatics and Biology Insights 2013:7

281


http://www.la-press.com

Sharma et al

11.

20.

21.

22.

. Walter W, Clynes D, Tang Y, Marmorstein R, Mellor J, Berger SL.

14-3-3 interaction with histone H3 involves a dual modification pattern of
phosphoacetylation. Mol Cell Biol. 2008;28(8):2840-9.

Kanno T, Kanno Y, Siegel RM, Jang MK, Lenardo MJ, Ozato K. Selective
recognition of acetylated histones by bromodomain proteins visualized in
living cells. Mol Cell. 2004;13(1):33-43.

. Cheung P, Tanner KG, Cheung WL, Sassone-Corsi P, Denu JM, Allis CD.

Synergistic coupling of histone H3 phosphorylation and acetylation in
response to epidermal growth factor stimulation. Mol Cell. 2000;5(6):
905-15.

. Kinney CM, Chandrasekharan UM, Yang L, et al. Histone H3 as a novel

substrate for MAP kinase phosphatase-1. Am J Physiol, Cell Physiol.
2009;296(2):C242-9.

. Wang HY, Cheng Z, Malbon CC. Overexpression of mitogen-activated pro-

tein kinase phosphatases MKP1, MKP2 in human breast cancer. Cancer
Lett. 2003;191(2):229-37.

. Srikanth S, Franklin CC, Duke RC, Kraft RS. Human DU145 prostate can-

cer cells overexpressing mitogen-activated protein kinase phosphatase-1
are resistant to Fas ligand-induced mitochondrial perturbations and cellular
apoptosis. Mol Cell Biochem. 1999;199(1-2):169-78.

. Owens DM, Keyse SM. Differential regulation of MAP kinase signalling by

dual-specificity protein phosphatases. Oncogene. 2007;26(22):3203—-13.

. Deak M, Clifton AD, Lucocq LM, Alessi DR. Mitogen- and stress-activated

protein kinase-1 (MSK1) is directly activated by MAPK and SAPK2/p38,
and may mediate activation of CREB. EMBO J. 1998;17(15):4426-41.

. Kim HG, Lee KW, Cho YY, et al. Mitogen- and stress-activated kinase

I-mediated histone H3 phosphorylation is crucial for cell transformation.
Cancer Res. 2008;68(7):2538-47.

. McCoy CE, Campbell DG, Deak M, Bloomberg GB, Arthur JS. MSK1

activity is controlled by multiple phosphorylation sites. Biochem J. 2005;
387(Pt 2):507-17.

Dominguez C, Boelens R, Bonvin AM. HADDOCK: a protein-protein
docking approach based on biochemical or biophysical information. J Am
Chem Soc. 2003;125(7):1731-17.

Arnold K, Bordoli L, Kopp J, Schwede T. The SWISS-MODEL work-
space: a web-based environment for protein structure homology modelling.
Bioinformatics. 2006;22(2):195-201.

Laskowski RA, Rullmannn JA, MacArthur MW, Kaptein R, Thornton JM.
AQUA and PROCHECK-NMR: programs for checking the quality of pro-
tein structures solved by NMR. J Biomol NMR. 1996;8(4):477-86.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Liithy R, Bowie JU, Eisenberg D. Assessment of protein models with three-
dimensional profiles. Nature. 1992;356(6364):83-5.

Colovos C, Yeates TO. Verification of protein structures: patterns of non-
bonded atomic interactions. Protein Sci. 1993;2(9):1511-9.

Wallace AC, Laskowski RA, Thornton JM. LIGPLOT: a program to gen-
erate schematic diagrams of protein-ligand interactions. Protein Eng.
1995;8(2):127-34.

Davey CA, Sargent DF, Luger K, Maeder AW, Richmond TJ. Solvent medi-
ated interactions in the structure of the nucleosome core particle at 1.9 a
resolution. J Mol Biol. 2002;319(5):1097—113.

Boutros T, Chevet E, Metrakos P. Mitogen-activated protein (MAP) kinase/
MAP kinase phosphatase regulation: roles in cell growth, death, and cancer.
Pharmacol Rev. 2008;60(3):261-310.

Hutter D, Chen P, Li J, Barnes J, Liu Y. The carboxyl-terminal domains of
MKP-1 and MKP-2 have inhibitory effects on their phosphatase activity.
Molecular and Cellular Biochemistry. 2002;233(1-2):107-17.

Cerutti H, Casas-Mollano JA. Histone H3 phosphorylation: universal code
or lineage specific dialects? Epigenetics. 2009;4(2):71-5.

Zippo A, Serafini R, Rocchigiani M, Pennacchini S, Krepelova A,
Oliviero S. Histone crosstalk between H3S10ph and H4K16ac generates
a histone code that mediates transcription elongation. Cell. 2009;138(6):
1122-36.

Rittinger K, Budman J, Xu J, et al. Structural analysis of 14-3-3 phospho-
peptide complexes identifies a dual role for the nuclear export signal of
14-3-3 in ligand binding. Mo/ Cell. 1999;4(2):153-66.

Yang X, Lee WH, Sobott F, et al. Structural basis for protein-protein inter-
actions in the 14-3-3 protein family. Proc Natl Acad Sci U S A. 2006;
103(46):17237-42.

Winter S, Fischle W, Seiser C. Modulation of 14-3-3 interaction with phos-
phorylated histone H3 by combinatorial modification patterns. Cell Cycle.
2008;7(10):1336-42.

Ozawa K. Reduction of phosphorylated histone H3 serine 10 and ser-
ine 28 cell cycle marker intensities after DNA damage. Cytometry A.
2008;73(6):517-217.

Zhong SP, Ma WY, Dong Z. ERKs and p38 kinases mediate ultravio-
let B-induced phosphorylation of histone H3 at serine 10. J Biol Chem.
2000;275(28):20980—4.

Smith KJ, Carter PS, Bridges A, et al. The structure of MSKI reveals a
novel autoinhibitory conformation for a dual kinase protein. Structure.
2004;12(6):1067-717.

282

Bioinformatics and Biology Insights 2013:7


http://www.la-press.com

/

ﬂ Molecular interaction of modified H3 with its regulatory proteins

Supplementary Figures
a. Secondary structure of C-terminal phosphatase domain of MKP1 {172-314}
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b. Secondary struchure of N-terminal kinase domain of MSK? {42-3B0}
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Figure S1. Line diagram for the secondary structures (A) C-terminal phosphatase domain of MKP1 (172-314 aa) and (B) N-terminal kinase domain of
MSK1 (42-380 aa).
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Figure S2. Histone H3 peptide from PDB: 2C1J was modified by phosphorylation of Ser10 and acetylation of Lys9 and Lys14. (A) Native histone H3,
(B) H3Lys9Ac, (C) H3Ser10P, (D) H3Lys14Ac, (E) H3Lys9AcSer10P, (F) H3Ser10PLys14Ac, (G) H3Lys9AcLys14Ac, and (H) H3Lys9AcSer10PLys14Ac.
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Figure S3. Full-length loop structure of histone H3 peptide from PDB: 1KX5 was modified by phosphorylation of Ser10 and acetylation of Lys9 and
Lys14. (A) Native histone H3, (B) H3Lys9Ac, (C) H3Ser10P, (D) H3Lys14Ac, (E) H3Lys9AcSer10P, (F) H3Ser10PLys14Ac, (G) H3Lys9AcLys14Ac, and
(H) H3Lys9AcSer10PLys14Ac.
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Figure S4.1. The Ligplot of the 14-3-3( and histone H3 docked complexes to analyzehydrophobic interactions. (A) Native 14-3-3{/H3, (B) 14-3-3(/H3Lys9Ac,
(C) 14-3-3(/H3Ser10P, (D) 14-3-3(/H3Lys14Ac, (E) 14-3-3{/H3Lys9AcSer10P, (F) 14-3-3(/H3Ser10PLys14Ac, (G) 14-3-3(/H3Lys9AcLys14Ac, and
(H) 14-3-3¢/H3Lys9AcSer10PLys14Ac.
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Figure S4.2. The Ligplot of the MSK1 and histone H3 docked complexes to analyze hydrophobic interactions. (A) Native MSK1/H3 (B) MSK/H3Lys9Ac,
(C) MSK1/H3Lys14Ac, and (D) MKP1/H3Lys9AcLys14Ac.
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Figure S4.3. Ligplot of the MKP1 and histone H3 docked complexes to analyze hydrophobic interactions. (A) Native MKP1/H3 (B) MKP1/H3Lys9Ac,
(C) MKP1/H3Ser10P, (D) MKP1/H3Lys14Ac, (E) MKP1/H3Lys9AcSer10P, (F) MKP1/H3Ser10PLys14Ac, (G) MKP1/H3Lys9AcLys14Ac, and (H) MKP1/
H3Lys9AcSer10PLys14Ac.
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