© pLos one

OPEN 8 ACCESS Freely available online

Modeling a New Water Channel That Allows SET9 to
Dimethylate p53

Qifeng Bai’, Yulin Shen?, Xiaojun Yao® Fang Wang', Yuping Du', Qin Wang', Nengzhi Jin?, Jun Hai’,
Tiejun Hu?**, Jinbo Yang'**

1 School of Life Science, Lanzhou University, Lanzhou, Gansu, China, 2 Gansu Computing Center, Lanzhou, Gansu, China, 3 School of Chemistry, Lanzhou University,
Lanzhou, Gansu, China, 4 Department of Molecular Genetics, Lerner Research Institute, The Cleveland Clinic, Cleveland, Ohio, United States of America

Abstract

SET9, a protein lysine methyltransferase, has been thought to be capable of transferring only one methyl group to target
lysine residues. However, some reports have pointed out that SET9 can dimethylate Lys372 of p53 (p53-K372) and Lys4 of
histone H3 (H3-K4). In order to understand how p53 can be dimethylated by SET9, we measured the radius of the channel
that surrounds p53-K372, first on the basis of the crystal structure of SET9, and we show that the channel is not suitable for
water movement. Second, molecular dynamic (MD) simulations were carried out for 204 ns on the crystal structure of SET9.
The results show that water leaves the active site of SET9 through a new channel, which is made of G292, A295, Y305 and
Y335. In addition, the results of molecular docking and MD simulations indicate that the new water channel continues to
remain open when S-adenosyl-L-methionine (AdoMet) or S-adenosyl-L-homocysteine (AdoHcy) is bound to SET9. The
changes in the radii of these two channels were measured in the equilibrium phase at the constant temperature of 300 K.
The results indicate that the first channel still does not allow water to get into or out of the active site, but the new channel
is large enough to allow this water to circulate. Our results indicate that water can be removed from the active site, an
essential process for allowing the dimethylation reaction to occur.
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Introduction

Mono-, di- and tri-methylations of the lysine residues of proteins
play an important role in gene regulation. They not only regulate
gene expression and the differentiation of embryonic stem cells
[1,2] but also have a potential therapeutic benefit in cancer [3,4].
SET9, also called SET7 and SET7/9, was purified in 2002 [5,6].
It is one of the protein lysine methyltransferases (PKMTs) and is
responsible for pivotal reactions in the regulation of chromatin
structure. SET9 was reported to methylate histone H3 at Lys4
(H3-K4) in vivo [7] and p33 at Lys372 (p53-K372) in vitro [8]. p53 is
a tumor suppressor helps to regulate many cellular functions, such
as apoptosis, DNA repair, the cell cycle, and senescence [9].

The crystal structure of SET9 in complex with S-adenosyl-L-
homocysteine (AdoHcy) and H3-K4 shows that it should only
transfer one methyl group to H3-K4, because water occupies the
position that would need to be empty to accomodate a second
methyl group [10]. The monomethylated Lys372 residue of p53
(p53-K372Mel) is also similarly situated in the crystal structure of
SET9 [8]. However, in contrast to the these conclusions results,
some published evidence supports the idea that SET9 is able to
dimethylate H3-K4 and p53-K372 when the unmodified substrate
is bound to the active site of the enzyme [11,12]. Furthermore,
Yang et al. [13] reported that STAT3 is dimethylated on K140 by
SET9 when it is bound to a subset of the promoters that it
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activates. This methylation of K140 is a negative regulatory event,
because its blockade greatly increases the steady-state amount of
activated STAT3 and the expression of a subset of STAT3 target
genes [13]. Chakrabarti et al. [14] and Francis et al. [15] have
previously shown that the insulin promoter exhibits a high degree
of H3-K4 dimethylation in B-cells and that this dimethylation is
largely dependent upon the recruitment of SE'T9 to the promoter.
Deering et al. [16] revealed important roles for SET9 as a
dimethyltransferase in regulating the transcription of the insulin
gene as well as other important B-cell genes. Three genes - Ins1/2,
Mafa, and Glut2 (Slc2a2) - were consistently down-regulated when
SET9 was depleted. Reduction of Ins1/2 and Glut2 mRNAs was
also found to be associated with reduced H3-K4 dimethylation in
the promoter region of these two genes.

The mechanism of p53 monomethylation has been illustrated
through computer simulations. It is believed that water plays an
important role and its presence at the active site of SET9 is
considered to favor the transfer of only one methyl group to the N¢
atom of p53-K372, disrupting the formation of conformations
necessary to carry out the dimethylation reaction [17-20].
However, these important computational models did not answer
a crucial question: can water leave the active site of SE'T9 through
a channel following the monomethylation reaction? If so, SET9
might be able to dimethylate p33, since water takes up the position
of the second methyl group at the active site.
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In addition, dimethylation has recently been revealed by real
experiments when the key water is removed from the active site
of SET9. It was found that other waters formed CH...O
hydrogen bonds with the methyl group recognized by SET
domain of lysine methyltransferases [21]. However, the key
water of SET9 formed an NH...O hydrogen bond. So other
waters do not play a major role in hydrating methyl groups.
Furthermore, Y295 of SET9 can form CH...O hydrogen bond
with substrate for the dimethylation reaction when water
dissociated from the active site, leaving space for the methyl
group to shift and project into the solvent pocket [22]. But these
real experiments have not shown which water channel is chosen
for the key step of allowing water to flow out of the active site of
SETO.

In the present work, we measured the radii of the first possible
channel and the p53-K372 in SET9. Compared with the radius of
water, the results indicate that this channel is not suitable for water
movement. We then performed molecular dynamics (MD)
simulations on the crystal structure of SET9 with explicit solvent
at constant pressure and constant temperature, with time steps of
1 fs. The results show that water leaves the active site for a period
of time through the new channel which is surrounded by G292,
A295, Y305 and Y335 of SET9. This new channel keeps its open
state even when S-adenosyl-L-methionine (AdoMet) or AdoHcy
binds to the cavity of SET9. Furthermore, the radius changes of
the first channel and the new water channel were also measured at
constant temperature when the whole system was at equilibrium.
The results suggest that the new channel is suitable for water
movement and that the water flow through the first channel is still
prohibited. The current study indicates that water can be removed
through the new water channel as a necessary condition of the
dimethylation reaction.

Results and Discussion

Structural features of SET9 and channel radii

The general structure and important active sites in SET9 are
depicted in Figure 1A. A glance at one side of SET9 reveals that
the p53 peptide inserts into the channel in which the mono- or
dimethylated reaction occurs. AdoHcy binds to the opposite cavity
of p53-K372Mel residue. Only one water molecule is close to the
N atom of p53-K372Mel in the complex structure, but it anchors
in the active site of SET9. This key water, which forms hydrogen
bonds with G292, A295 and Y305, occupies the position of the
potential second methyl group of p53-K372Mel. We also
compared the crystal structures of SET9 in complex with H3
and p53, and found that the key water takes up the same position
in SET9 (Figure S1). Therefore, it is important to find a potential
channel that would allow the water to escape.

The channel formed for the methylation of p53 represents one
possibility. Exploring the radii of such channels in SET9 is
fundamental for this study, as the aim of the current work is to
determine whether the water is allowed to pass through this
channel or not. Figure 1B shows that the route is along the
direction of the channel. If the water leaves the active site along
this route, it would be blocked from leaving the channel by p53-
K372Mel and AdoHcy. Figure 1C shows the main structure and
some bond lengths of p53-K372 (Table S1). According the major
geometry of substrate molecule, the radius R(j) of substrate cross-
section can be evaluated as

/’l] +h2+...+/’li

R(j)= 5 +VDW (1)
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A New Water Channel of SET9

Where #; 1s approximately equal to the height of the triangle
formed by three atoms. The calculation method for /; is shown in
Formulas S1. VDW is the van der Waals radius of each atom. The
radius calculation takes into account the VDW radii because two
molecules should keep out of this distance under normal
circumstances (Formulas S2). Two radii were measured, one in
the Cyy area at the end methyl of side-chain group of p53-K372,
another in the Cp area at the third carbon atom of side-chain
group of p53-K372. As marked in Figure 1D, Cy; is in the lower
radius area, which is at the end of p53-K372. The Cp, area has a
larger radius than other places which are occupied by the
substrate. By computing the areas of Cyr and Cp, the radius range
of the substrate in the channel is estimated to be from 1.76 to 2.19
A, and the channel radius of the original crystal structure is 1.87 A
by computing the average of radii between 8.403 and 15.403 A
along the x axis in Figure 1D. The smaller radius is lower than 1.5
A in the gap area (Figure 1B and D). AdoHcy also blocks the pore
at one side, so water can’t enter the channel from this side. On the
other side, p53-K372 occupies most of the channel space.
Compared with the channel radii, it seems that the substrate is
tightly surrounded by this channel. By subtracting the smallest
radius of the substrate from the channel radii, we see that the
water molecule cannot leave or enter the active site of SET9
because water can occupy a radial sphere of 1.9 A if the protein
interacts with the water [23]. Therefore, this channel can be
excluded for water movement preliminarily.

The water leaves the active site from the new channel for

a period of time

It is necessary to study how water flows at the active site, since
the position of water is so important that it could determine
whether SET9 can methylate p53-K372Mel or not. This water
locates at the active site through three hydrogen bonds with G292,
A295 and Y305. G292 and A295 are as hydrogen bond acceptors
while Y305 serves as hydrogen bond donor. Because these residues
form a dynamic steady conformation, once the water gets into the
active site, it will occupy the position of the potential second
methyl group of p53-K372Mel.

To find the new channel for water movement, MD simulations
were carried out on the crystal structure of SET9 in complex with
AdoHcy and the p53 peptide in an explicit solvent. The developed
force field parameterizations for p53-K372Mel are listed in File
S1. A primary analysis of MD simulation involves the root mean
square deviation (RMSD) profile for the protein backbone atoms
with respect to the crystal structure after equilibrating 1 ns
simulation, in order to find the equilibration phase for studying the
water at the active site of SE'T9 in the model during the simulation
(Figure 2). The value of RMSD, which is about 3 A after 70 ns, is
slightly high because SET9 contains some disordered and flexible
sequences such as residues 186-209, 332-350. So the structure of
SET9 is distorted normally during the MD simulation. A similar
phenomenon has been reported previously [24,25].

For the detailed behavior of the water, the long MD simulation
was carried out in a total time of 204 ns. The number of hydrogen
bonds between water and G292, A295, Y305, Y335 residues was
calculated as a function of time for this long MD simulation
(Figure 3). There are six states in the water flowing process
(Figure 4). The water forms three hydrogen bonds with the three
residues G292, A295 and Y305 most of the time (Figure 4A). At
the same time, some special conformations are observed at
different times. At t=44.120 ns, hydrogen and oxygen of water
form a hydrogen bond with the oxygen of A295 and hydrogen of
Y335, respectively (Figure 4B). This condition is reflected at about
45 ns in the Figure 3: The number of hydrogen bonds increases
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Figure 1. Structure features of SET9 and calculation of channel radii. (A) The general crystal structure of SET9 is displayed. The K372Me1
residue of p53 (p53-K372Me1) inserts into the channel of SET9. The water near p53-K372Me1 in the channel is colored yellow. This water forms three
hydrogen bonds with G292, A295 and Y305 at the active site. (B) The first explored channel of SET9 is shown. The yellow line is the route of the
channel. The grid points represent the surface of the channel. The arrow represents the gap spaces which have no substrate. (C) Assessment of the
geometry radii of the major structure of p53-K372. h1, h2 and h3 are the corresponding height of molecular shape, and VDW is the van der Waals
radius of the atom. Cp and Cy, are the third and last carbons of side-chain group of p53-K372. (D) Radii of channels along the x axis. Gap represents
the area between the p53-K372Me1 and AdoHcy as Figure 1B. Cp and Cy show the area of the third and last carbons of side-chain group of p53-K372

in the first channel.
doi:10.1371/journal.pone.0019856.g001

for Y335. It does not change the tendency for A295, but it
decreases for G292 and Y305 at the same time. However, this
conformation isn’t close enough to the carbon atom of A295, so it
1s insufficient to allow the water to move away through this new
channel. Lately, the water recovers the state as Figure 4A. At
t=138.680 ns, the system is in the equilibration phase as shown in
Figure 2. Meanwhile, the water in Figure 4C is closer to A295 than
in Figure 4B. In succession, there is only one hydrogen bond
between the water and A295 (Figure 4D). This condition
corresponds to Figure 3 at about 140 ns: the number of hydrogen
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bonds for G292 and Y305 are reduced quickly, and then the
tendency of hydrogen bond numbers for A295 is also downward
after a transient time. In addition, the water forms one hydrogen
bond with Y335, so there is a peak between 130 ns and 140 ns in
Figure 3. Finally, the water is released quickly from the active site
of SET9. At t=146.640 ns, the new water is captured by Y335
(Figure 4E). Subsequently, this new water, which is close to the
center of G292, A295 and Y305 (Figure 4F), is passed to Y295. At
last, it is easy to form a stable conformation at the active site of

SET9 as in Figure 4A (Movie S1). It is obvious that Y335 plays a
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Figure 2. Time evolution of RMSD over the backbone atoms forming SET9 with respect to the crystallographic structure.

doi:10.1371/journal.pone.0019856.g002

water-outlet role as well as a water-trapping role in this dynamic
flowing course.

As an overview of these MD simulations, water can leave the
active site through a new channel (Figure 5A and B). This channel,
which only contains one water molecule, is formed by the G292,
A295, Y305, and Y335 residues of SET9. At the same time, it is
noteworthy that there is no water at the active site of SET9 for
about 7.44 ns, suggesting that the key water can be removed from
the active site of SET9 for a period time.

New water channel keeps opening and water can pass
through this new channel

AdoHcy is the derivative metabolite of the cofactor AdoMet.
Both AdoHcy and AdoMet can bind to the cavity of SET9 near
the new water channel. AdoMet has one more methyl group than
AdoHcy (Figure S2). The flexible docking models of AdoMet and

AdoHcy were carried out on the binding cavity of SET9 model
structure which was cut out from the 16,000th frame of 204 ns
MD simulations. The docking energy score of AdoHcy is
—65.93 kcal/mol, while for the binding energy of AdoMet, it is
—68.62 kcal/mol. Based on the binding pose of AdoMet
(Figure 5C), the methyl group of AdoMet was observed to
enhance the binding ability of AdoMet in the groove of SET9. In
order to explore whether the methyl group of AdoMet can block
the water channel, MD simulations were performed on a model
structure with no water at the active site of SET9. After MD
simulations, we found that the water could enter the active site of
SET9 (Figure 5D), suggesting that the new water channel has not
been shut down by the methyl group of AdoMet. The new water
channel allows water to flow at the active site regardless of
whether AdoMet or AdoHcy is bound to the cavity region of
SETO.
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Figure 3. Hydrogen bonds between the water and four residues changed with simulated time. The red line represents the total number

of hydrogen bonds.
doi:10.1371/journal.pone.0019856.9003
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Figure 4. The detail of water flow. (A) Most of the conformation in this MD simulation. (B) At time t=44.120 ns; (C) at t=138.680 ns, and the
linking line between hydrogen of water and carbon atom of A295 does not represent the hydrogen bond. It depicts more recent geometric distance
than in Figure 4B; (D) at t=139.200 ns; (E) at t=146.640 ns; (F) at t=146.642 ns. The water colored yellow is a crystal water of SET9 while the green

one is recruited from the water box.
doi:10.1371/journal.pone.0019856.g004

In order to get the radius changes of the first impossible water
channel and the new water channel at a constant temperature of
300 K in the equilibrium phase, the frames, which are collected
from 140 ns, 150 ns, 160 ns, 170 ns and 180 ns trajectory file, are
used as models for the radius measurement. As shown in Table 1,
the minimal radius of the first channel is not more than 1.96 A. So it
is not easy for water to move in the channel. In addition, the pore of
the first channel is also blocked by AdoHcy. The sizes of the first
channel radius are about 0.3 A larger than the sizes of the crystal
structure channel radius when the whole system is in the equilibrium
phase at the constant temperature of 300 K. At the same time, the
RMSD profile shows that the conformation of p53-K372 is not
distorted hugely with simulation time (Figure 6). The snapshots
every 40 ns in Figure 6 also show that the major conformation of
p53-K372 changes slightly. So the radii, which are computed as in
Figure 1C, can still be used to estimate the occupied space of p53-
K372 roughly. The channel radii only enlarge by about 0.3 A, but
the substrate still takes up the minimal space of radius of 1.76 A. The
remaining radius is about 0.7 A, though the minimal radius is
subtracted from the highest radius of Cp, area of the first channel. So
it is believed that the water still cannot enter or leave the active site
from the first channel. For the radii of new water channel (Table 1),
the minimal radii are slightly larger than water radius. The average
radius is about 2.3 A which is large enough for water movement.
There is no substrate to block the pore of the water channel as in the
simulated results before. So the water can enter or leave the active
site from this new channel. If the water is removed from this new
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channel, the dimethylation reaction can be carried out, as real
experiments have reported [21,22].

In conclusion, we demonstrate evidence for a new channel that
lets water flow in and out of the active site of SET9. The channel
and p53-K372 radii were measured to determine whether the
water is able to pass through the first potential channel. The result
excluded this channel, and indicated that there was another new
channel for water movement. During the equilibration phase of
the MD simulation, we observed that the water circulated through
the new channel which still stayed open with AdoHcy or AdoMet
bound. In addition, the radius changes of the first impossible
channel and the new water channel at constant temperature prove
that the water will choose the new channel for circulation. It is
reasonable to believe that there exists the same new water channel
for SET9 with histone H3, since the substrate regions of H3 and
p33 have similar conformations and the second methyl positions
are both occupied by the water at the active site of SET9.

Materials and Methods

Construction of the starting molecular model and
molecular force field parameterizations

The molecular model 1XQH [8] is made of a dimer (subunits A
and B) and 717 water molecules from Protein Data Bank (PDB).
Each subunit of 1XQH contains the crystal structure of SET9, the
six-peptide substrate of p33 and S-adenosyl-L-homocysteine
(AdoHcy). The subunit A of 1XQH was chosen as a starting
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Figure 5. Molecular docking and MD simulations. (A) The water is leaving in the channel at t=139.200 ns. (B) The water has left the channel
along the new channel at t=139.400 ns. (C) The conformation of the AdoMet binding to SET9 after molecular docking. (D) One water molecule enters

into the active site of SET9 during the MD simulations.
doi:10.1371/journal.pone.0019856.g005

structure for exploring the radii and carrying out the molecular
dynamics (MD) simulations.

The parameterizations of monomethylated Lys372 residue of
p53 (p53-K372Mel) which was not found in CHARMM?27 force
field (version 31) [26] were developed: the geometry optimization
uses RHF/6-31G* model with tight SCF convergence criteria; for
single point calculation, it was computed at the RHF/6-31G*
level of theory with tight SCF convergence criteria, and all orbital
symmetry constraints were lifted. The topology and parameters for
AdoHcy and S-adenosyl-L-methionine (AdoMet) were extracted
from the stream file of CHARMMZ27 force field (version 31) which
patches to create model compounds.

@ PLoS ONE | www.plosone.org

The force field parameterizations were developed by using
VMD Paratool Plugin v1.2 [27] and Gaussian98 Revision A.9
[28] on the 8 cores of an array of two 2.33-GHz Intel(R) Xeon(R)
Processors.

Radius measurement

As an overview of the starting structure, the space which
surrounds p53 peptide is a potential channel for water flow. To
measure the radius of this channel, AdoHcy and p53 peptide were
deleted from the starting structure. The exploring vector was along
the x axis. And the average coordinate of C, and N¢ atom of p53-
K372 was used as an initial point for exploring the whole channel.
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Table 1. The minimal and average radii calculated at different
simulated time when the whole system is in the equilibrium

A New Water Channel of SET9

steps: minimization period of 0.5 ns, equilibration period of 1 ns
and product simulation period of 204 ns. The minimization uses

phase.

a conjugate gradient method and the equilibration was
performed with a damping coefficient of 1/ps for Langevin

dynamics at 300 K. Only the frames reserved during the product

simulation were considered, with a frame stored each 10,000

Time (S)  Remin (A)  Reavg ®(A)  Rumin (A)  Ryavg Y(A)
140 1.80 2.15 1.96 2.29
150 1.86 221 2,01 2.23
160 173 208 211 236
170 176 206 1.98 221
180 1.87 218 2.08 228

iterations (10.0 ps), yielding 20,400 frames. In preparation of a
statistical number of hydrogen bonds, the distance between the
donor and acceptor atoms were defined as less than 3.5 A and
the angle was set less than 35° [35,36]. The radii of different
frames were also calculated by the same parameters as the first
radius measurement.

#Minimal radius of the first channel.
PAverage radius of the first channel.
“Minimal radius of the new water channel.
4Average radius of the new water channel.
doi:10.1371/journal.pone.0019856.t001

The maximum value of radius for the end of the pore was 3.5 A
While for the value of the distance between the planes, it was set as
0.25 A. The VDW radius of hydrogen is 1.09 A.

For the radii of p53-K372, the length between two different
atoms 1s measured by VMD 1.8.6 [29]. The complex of SE'T9 was
dealt by using UCSF Chimera 1.4.1 [30] and the radii of channel
were measured by performing HOLE v2.2 program [31].

MD simulations and molecular docking

The model structure of the SET9, p53 peptide, crystal waters
and AdoHcy was rebuilt on the basis of CHARMMZ27 force field
(version 31). An empirical water model, TIP3P [32], was used to
construct the water box which dimensions were 100 x 90 x75
A®. MD runs at a constant temperature of 300 K and pressure of
1 bar, employing the Langevin piston [33] and softly damped
Langevin dynamics with a time setup of 1 fs. And the particle-
mesh Ewald method [34] was used to calculate electrostatic
interactions. The MD simulations were carried out in three

When the first MD simulations were finished, the second MD
simulations continued to be carried out. The model structure of
SET9 was taken from the 16,000th frame which is in the
equilibrium phase of 204 ns MD simulations (Protocol S1). The
structures of AdoMet (Compound ID: 34756) and AdoHcy
(Compound ID: 439155) were retrieved from the PUBCHEM.
All waters were deleted from the model structure. The binding
cavity of AdoHcy on SET9 was the region targeted for docking.
The docking structure of SET9 in complex with AdoMet and
K372Mel was used for further MD simulation. In order to get
effective evidence, the docking structure model was built and
calculated with the same parameters as the starting structure. The
MD simulation was also carried out in three steps: minimization
period of 0.5 ns, equilibration period of 1 ns and product
simulation period of 23 ns. There only the frames reserved during
the product simulation were considered, with a frame stored each
1000 iterations (1.0 ps), yielding 23000 frames.

The program UCSF DOCK (Version 6.0) [37] was used to
perform the molecular docking with a flexible algorithm. Molecule
preparation and trajectory analysis were done by using VMD
1.8.6 [29]. Display and characterization of chemical structures
were performed by using Marvin 5.2.2 [38]. The MD simulation
runs on the 100 cores of twenty-five 2218-Hz AMD Opteron(tm)
processors by using NAMD 2.7b2 [39] in PC clusters.
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Figure 6. RMSD of the crystallographic p53-K372 backbone atoms with respect to simulated conformation as a function of time.

doi:10.1371/journal.pone.0019856.g006
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Supporting Information

Figure S1

The crystal structures of SET9 in complex with H3

and p53. (A) The complex of SET9 and H3 peptides. The water
colored red forms hydrogen bonds with Y305, G292 and A295.
This figure was made by 109S file which was extracted from
Protein Data Bank (PDB). (B) The complex of SET9 and p53
peptides. The water colored blue forms the same hydrogen bonds
with the water as Figure STA.

(TIF)
Figure 82 The structures of AdoHcy and AdoMet.
(TIF)
Formulas S1
DOC)
Formulas S2
DOC)
Movie S1
(MPG)
References
1. Bernatavichute YV, Zhang X, Cokus S, Pellegrini M, Jacobsen SE (2008)

Genome-wide association of histone H3 lysine nine methylation with CHG
DNA methylation in Arabidopsis thaliana. PLoS One 3: ¢3156.

. Dahl JA, Reiner AH, Klungland A, Wakayama T, Collas P (2010) Histone H3

lysine 27 methylation asymmetry on developmentally-regulated promoters
distinguish the first two lineages in mouse preimplantation embryos. PLoS
One 5: 9150.

. Kondo Y, Shen L, Ahmed S, Boumber Y, Sekido Y, et al. (2008)

Downregulation of histone H3 lysine 9 methyltransferase G9a induces
centrosome disruption and chromosome instability in cancer cells. PLoS One
3: €2037.

. Ke XS, Qu Y, Rostad K, Li WC, Lin B, et al. (2009) Genome-wide profiling of

histone h3 lysine 4 and lysine 27 trimethylation reveals an epigenetic signature in
prostate carcinogenesis. PLoS One 4: ¢4687.

Strahl BD, Allis CD (2000) The language of covalent histone modifications.
Nature 403: 41-45.

. Wang H, Cao R, Xia L, Erdjument-Bromage H, Borchers C, et al. (2001)

Purification and functional characterization of a histone H3-lysine 4-specific
methyltransferase. Mol Cell 8: 1207-1217.

. Nishioka K, Chuikov S, Sarma K, Erdjument-Bromage H, Allis CD, et al.

(2002) Set9, a novel histone H3 methyltransferase that facilitates transcription by
precluding histone tail modifications required for heterochromatin formation.
Genes Dev 16: 479-489.

. Chuikov S, Kurash JK, Wilson JR, Xiao B, Justin N, et al. (2004) Regulation of

p53 activity through lysine methylation. Nature 432: 353-360.

. Ruiz L, Traskine M, Ferrer I, Castro E, Leal JF, et al. (2008) Characterization of

the p53 response to oncogene-induced senescence. PLoS One 3: €3230.

. Xiao B, Jing C, Wilson JR, Walker PA, Vasisht N, et al. (2003) Structure and

catalytic mechanism of the human histone methyltransferase SET7/9. Nature

421: 652-656.

. Kwon T, Chang JH, Kwak E, Lee CW, Joachimiak A, et al. (2003) Mechanism

of histone lysine methyl transfer revealed by the structure of SET7/9-AdoMet.
EMBO J 22: 292-303.

. Huang J, Perez-Burgos L, Placek BJ, Sengupta R, Richter M, et al. (2006)

Repression of p53 activity by Smyd2-mediated methylation. Nature 444:
629-632.

. Yang J, Huang J, Dasgupta M, Sears N, Miyagi M, et al. (2010) Reversible

methylation of promoter-bound STAT3 by histone-modifying enzymes. Proc

Natl Acad Sci U S A 107: 21499-21504.

. Chakrabarti SK, Francis J, Ziesmann SM, Garmey JC, Mirmira RG (2003)

Clovalent histone modifications underlie the developmental regulation of insulin
gene transcription in pancreatic beta cells. ] Biol Chem 278: 23617-23623.

. Francis J, Chakrabarti SK, Garmey JC, Mirmira RG (2005) Pdx-1 links histone

H3-Lys-4 methylation to RNA polymerase II elongation during activation of
insulin transcription. J Biol Chem 280: 36244-36253.

. Deering TG, Ogihara T, Trace AP, Maier B, Mirmira RG (2009)

Methyltransferase Set7/9 maintains transcription and euchromatin structure
at islet-enriched genes. Diabetes 58: 185-193.

. Guo HB, Guo H (2007) Mechanism of histone methylation catalyzed by protein

lysine methyltransferase SET7/9 and origin of product specificity. Proc Natl
Acad Sci U S A 104: 8797-8802.

Hu P, Wang S, Zhang Y (2008) How do SET-domain protein lysine
methyltransferases achieve the methylation state specificity? Revisited by Ab
initio QM/MM  molecular dynamics simulations. J Am Chem Soc 130:
3806-3813.

@ PLoS ONE | www.plosone.org

A New Water Channel of SET9

File S1
(DOC)

Protocol S1
DOC)

Table S1

The distances between atoms of p53-K372

(DOC)

Acknowledgments

We thank Dr. George R. Stark, Cleveland Clinic and Dr. Tian Lu,
University of Science & Technology, Beijing for critical reading and helpful
discussions of this manuscript.

Author Contributions

Conceived and designed the experiments: QB YS XY TH JY. Performed
the experiments: QB YS XY FW YD QW NJ JH. Analyzed the data: QB
YS FW QW JH NJ. Contributed reagents/materials/analysis tools: TH JY
XY. Wrote the paper: QB YS FW YD XY JY. Obtained license permission
for use of software: XY TH JY QB.

26.

37.

. Hu P, Zhang Y (2006) Catalytic mechanism and product specificity of the

histone lysine methyltransferase SET7/9: an ab initio QM/MM-FE study with
multiple initial structures. ] Am Chem Soc 128: 1272-1278.

. Wang S, Hu P, Zhang Y (2007) Ab initio quantum mechanical/molecular

mechanical molecular dynamics simulation of enzyme catalysis: the case of
histone lysine methyltransferase SET7/9. J Phys Chem B 111: 3758-3764.

. Ho KL, McNae IW, Schmiedeberg L, Klose R]J, Bird AP, et al. (2008) MeCP2

binding to DNA depends upon hydration at methyl-CpG. Mol Cell 29:
525-531.

. Del Rizzo PA, Couture JF, Dirk LM, Strunk BS, Roiko MS, et al. (2010) SET7/

9 catalytic mutants reveal the role of active site water molecules in lysine multiple
methylation. J Biol Chem 285: 31849-31858.

. Nicholls P (2000) Introduction: the biology of the water molecule. Cellular and

Molecular Life Sciences 57: 987-992.

. De Luca L, Vistoli G, Pedretti A, Barreca ML, Chimirri A (2005) Molecular

dynamics studies of the full-length integrase-DNA complex. Biochem Biophys

Res Commun 336: 1010-1016.

. De Luca L, Pedretti A, Vistoli G, Letizia Barreca M, Villa L, et al. (2003)

Analysis of the full-length integrase-DNA complex by a modified approach for
DNA docking. Biochemical and Biophysical Research Communications 310:
1083-1088.

MacKerell AD, Bashford D, Bellott, Dunbrack RL, Evanseck JD, et al. (1998)
All-Atom Empirical Potential for Molecular Modeling and Dynamics Studies of
Proteinst. The Journal of Physical Chemistry B 102: 3586-3616.

Saam J, Ivanov I, Walther M, Holzhutter HG, Kuhn H (2007) Molecular
dioxygen enters the active site of 12/15-lipoxygenase via dynamic oxygen access
channels. Proc Natl Acad Sci U S A 104: 13319-13324.

. Frisch MJ, Trucks GW, Schlegel HB, Scuseria GE, Robb MA, et al. (1998)

Gaussian98, Revision A9, Gaussian Inc, Pittsburgh, PA.

. Humphrey W, Dalke A, Schulten K (1996) VMD: visual molecular dynamics.

J Mol Graph 14: 33-38, 27-38.

. Pettersen EF, Goddard TD, Huang CC, Couch GS, Greenblatt DM, et al.

(2004) UCSF Chimera--a visualization system for exploratory research and
analysis. ] Comput Chem 25: 1605-1612.

Smart OS, Goodfellow JM, Wallace BA (1993) The pore dimensions of
gramicidin A. Biophys J 65: 2455-2460.

. Jorgensen WL, Chandrasekhar J, Madura JD, Impey RW, Klein ML (1983)

Comparison of simple potential functions for simulating liquid water. The
Journal of Chemical Physics 79: 926-935.

. Feller SE, Zhang Y, Pastor RW, Brooks BR (1995) Coonstant pressure molecular

dynamics simulation: The Langevin piston method. The Journal of Chemical
Physics 103: 4613-4621.

. Darden T, York D, Pedersen L (1993) Particle mesh Ewald: An N [center-dot]

log(N) method for Ewald sums in large systems. The Journal of Chemical Physics

98: 10089-10092.

. Espinosa E, Molins E, Lecomte C (1998) Hydrogen bond strengths revealed by

topological analyses of experimentally observed electron densities. Chemical
Physics Letters 285: 170-173.

Garcia-Fandino R, Granja JR, D’Abramo M, Orozco M (2009) Theoretical
characterization of the dynamical behavior and transport properties of
alpha,gamma-peptide nanotubes in solution. J Am Chem Soc 131:
15678-15686.

Lang PT, Brozell SR, Mukherjee S, Pettersen EF, Meng EC, et al. (2009)
DOCK 6: combining techniques to model RNA-small molecule complexes.
RNA 15: 1219-1230.

May 2011 | Volume 6 | Issue 5 | 19856



A New Water Channel of SET9

38. Marvin was used for drawing, displaying and characterizing chemical structures, 39. Phillips JC, Braun R, Wang W, Gumbeart J, Tajkhorshid E, et al. (2005) Scalable
substructures and reactions, Marvin 5.2.2, 2009, ChemAxon (http://www. molecular dynamics with NAMD. J Comput Chem 26: 1781-1802.
chemaxon.com).

@ PLoS ONE | www.plosone.org 9 May 2011 | Volume 6 | Issue 5 | 19856



