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Dynamic histone lysine methylation involves the activities of modifying
enzymes (writers), enzymes removing modifications (erasers), and readers
of the histone code. One common feature of these activities is the
recognition of lysines in methylated and unmethylated states, whether
they are substrates, reaction products, or binding partners. We applied the
concept of adding a lysine mimic to an established inhibitor (BIX-01294) of
histone H3 lysine 9 methyltransferases G9a and G9a-like protein by
including a 5-aminopentyloxy moiety, which is inserted into the target
lysine-binding channel and becomes methylated by G9a-like protein, albeit
slowly. The compound enhances its potency in vitro and reduces cell toxicity
in vivo. We suggest that adding a lysine or methyl-lysine mimic should be
considered in the design of small-molecule inhibitors for other methyl-
lysine writers, erasers, and readers.
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Chromatin, rather than being a passive platform to
store genetic information, can regulate transcription-
al processes based on modifications of both DNA
and histones. Histones are subject to an array of
posttranslational modifications, including methyla-
tion of lysines. These marks are generated by a host
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of histone methyltransferases, removed by histone
demethylases, and recognized by reader domains in
the methylated and unmodified states. Importantly,
such enzymes are novel targets for therapeutics.1,2
BIX-01294 (a diazepin-quinazolin-amine deriva-

tive) inhibits activities of G9a and G9a-like protein
(GLP) lysine methyltransferase (IC50 in low micro-
molar range)3–5 and reduces the methylation levels
of histone H3 lysine 9 (H3K9) at several G9a target
genes.3,6,7 BIX-01294 (BIX) consists of a central quina-
zoline ring linked to a seven-membered diazepane
ring and a benzylated six-membered piperidine ring
(Fig. 1a). Structural comparison of GLP of BIX-bound
with that of substrate peptide-bound9 suggested that
d.
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Fig. 1. Chemical structures for (a) BIX-01294 and (b) E72, highlighted with changes. (c) The binding (Kd values) of E72 compound to GLP (left panel) and G9a (right panel) is
easured by isothermal titration calorimetry with a VP-ITC instrument (MicroCal) at 25 °C. The titrations were conducted in buffer containing 20 mM Tris, pH 8.0, 150 mMNaCl,
.3–1.45% DMSO, and 50 μMAdoMet. The sample chamber and syringe were filled with 20–30 μMGLP (or 21 μMG9a) and 260–350 μM (or 286 μM) compound, respectively. The
ata were processed using Origin 7.0 software. (d) The inhibition (IC50 values) of E72 against GLP or Suv39H2 is plotted against various concentrations of compound, under the
onditions of 0.075 μMGLP or Suv39H2, 10 μMH3 peptide (residues 1–15), 100 μMAdoMet in the buffer of 20 mM Tris, pH 8.5, 5 mMDTT, and 2% DMSO. The reaction mixture
as incubated for 5 min (GLP) or 15 min (Suv39H2) at 30 °C and subjected to mass-spectrometry-based inhibition assay as previously described.4 (e) Ras-mediated epigenetic
ilencing of Fas is derepressed with E72, BIX, and 5-aza treatments, as previously described.4 (f) Mouse embryonic stem cells (TT2)8 were treated for 24 h with each compound at
0 μM concentration: BIX-01294 (left) and E72 (right) (see also Supplementary Table 1 and Fig. 3b).
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BIX resembles the bound conformation of histoneH3
Lys4 to Arg8, residues N-terminal to the target
lysine, but leaves the target lysine-binding channel
unoccupied.4 Herein we report the use of the co-
crystal structure of the GLP–BIX complex4 and
molecular modeling to guide the design, synthesis,
and validation of new BIX derivatives with moieties
mimicking lysine and methyl-lysine.

Adding lysine and methyl-lysine mimics

We replaced the O7-methoxy group with a 5-
aminopentyloxy substituent at site A (Fig. 1b). The
length of the aliphatic chain and the presence of a
terminal amino group for the 5-aminopentyloxy
moiety were expected to extend into the active site
of GLP andmimic the side chain of a substrate lysine.
In addition, we replaced the diazepane ring and the
benzyl with a 3-dimethylaminopropyl and a 5-
aminopentyl group at sites B and C, respectively.
These modifications generated compound E72
(Fig. 1b). The 3-dimethylaminopropyl unit contains
a three-carbon aliphatic chain and a di-methylated
amino moiety that was expected to form a favorable
electrostatic interaction with Asp1131 of GLP.4 The
benzyl functionality is not well defined in the
structure of the GLP–BIX complex,4 because the
branched benzene moiety has little direct contact
with the enzyme. Taken together, thesemodifications
resulted in the dissociation constant (Kd) of approx-
imately 136 nM (Fig. 1c, left panel) and half-maximal
inhibitory concentration (IC50) of 100 nM (Fig. 1d) for
E72 against GLP under linear reaction conditions by
mass-spectrometry-based inhibition assay.4 The cu-
mulative effect of these changes in E72 is to decrease
IC50 by a factor of approximately 7 in comparison to
that of BIX measured by the same assay.4

E72 retains the binding affinity towards G9a
(Fig. 1c, right panel), selectivity over the related
H3K9 methyltransferase Suv39H2 (Fig. 1d; Supple-
mentary Fig. S1), and the ability to reactivate K-ras-
mediated epigenetic silencing of the proapoptotic
Fas gene in NIH 3T3 cell (Fig. 1e). More importantly,
E72 has much reduced cell cytotoxicity (Fig. 1f). In
all three cell types treated (Supplementary Table 1),
very little toxicity was observed for E72 at 10 μM
concentration, while BIX killed almost all cells at
10 μM and approximately 50% at 1 μM.

Structures of GLP bound with E72

We solved the ternary structure of GLP in complex
with E72, in the presence of S-adenosyl-L-homo-
cysteine (AdoHcy) at a resolution of 2.19 Å (Sup-
plementary Table 2). The E72 compound was co-
crystallized with GLP–AdoHcy in the space group
P21, at 16 °C by mixing equal volumes of protein (at
18–20 mg/ml) with solution containing 2 mM
compound in 0.1 M Hepes, pH 7.5, 14% polyethyl-
ene glycol 4000, 9% isopropanol, and 12% dimethyl
sulfoxide (DMSO). There are four molecules per
crystallographic asymmetric unit. The structures of
the protein component are highly similar (with root-
mean-square deviation of ∼0.2–0.6 Å of 1020 pairs
of main-chain atoms between the monomers).
E72 is bound to the acidic surface of the histone

H3 peptide-binding groove (Fig. 2a), surrounded by
many acidic residues including four aspartates,
Asp1131, Asp1135, Asp1140, and Asp1145. Two of
them, Asp1140 and Asp1145, maintain the same
sets of hydrogen-bonding interactions described
previously for BIX4 with the linker NH group
between the quinazoline and piperidine rings and
the N1 ring nitrogen atom of the quinazoline,
respectively (Fig. 2b). Additionally, Asp1131 forms
a salt bridge with the dimethylamino group as
expected (Fig. 2a and b). The three-carbon aliphatic
chain may be optimal for the formation of this
charge–charge interaction, as reducing or increasing
the chain length by one carbon resulted in less
inhibition under a single inhibitor concentration
tested (Supplementary Fig. S2).
In E72, the O7 5-aminopentyloxymoiety at site A is

extended into the target lysine-binding channel
(Fig. 2c). Aromatic residues, Phe1144, Phe1209, and
Tyr1211, wrap around the aliphatic chain (Fig. 2c),
while the terminal amino group forms a hydrogen
bondwith themain-chain carbonyl oxygen of Ser1141
(Fig. 2b). The terminal amino group is only approx-
imately 4.2 Å from the AdoHcy sulfur atom (Fig. 2b),
where the transferable methyl group would be
attached to S-adenosyl-L-methionine (AdoMet). In
comparison, in the ternary structure of GLP in
complex with AdoHcy and histone H3 peptide con-
taining monomethylated lysine 9 (H3K9me1),9 the
distances between the AdoHcy sulfur atom and the
methyl group or the target nitrogen are approxi-
mately 3.3 Å (S…CH3) or 4.7 Å (S…N) (Fig. 2d),
respectively. Superimposition of the E72 complex and
theH3K9me1 peptide complex structures reveals that
the position of the 5-aminopentyloxy moiety coin-
cides with that of lysine 9 of histone H3 (Fig. 2e). This
observation suggested that E72might potentially be a
substrate for methylation by GLP. Indeed, after long
incubations (overnight) with a nearly equimolar ratio
of enzyme to compound, E72 ismono- or evendi- and
tri-methylated by GLP (Fig. 2f).
The 5-aminopentyl moiety attached to the piperi-

dine ring at site C sits in an acidic surface groove that
is formed by Asp1135 and Val1136 on one side,
Asp1140 and Asp1138 on the other, and the main-
chain atoms of Arg1137 on the floor (Fig. 2a). The
terminal amino group points out into the solvent and
might involve in an electrostatic association between
the C-NH3+ of the ligand and the backbone C=O of
Val1136, because the two bonds are parallel and
separated by approximately 3.9 Å. In the structures of
GLP in complex with BIX4 as well as E67 (the com-
pounds retain the benzyl moiety on the piperidine;
Fig. 3a), the density for the benzyl moiety is not well
defined (Supplementary Fig. S3a). This result suggests
that, with respect to the 5-aminopentyl moiety at site
C, the enhanced potency of E72 by approximately a
factor of 3 (comparing the IC50 value to that of E67;
Fig. 3a) is likelydue to vanderWaals contacts between
the groove and the aliphatic chain of this moiety.
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Fig. 3. Comparison of compound E67 and E70 (mono-methylated analog of E67). (a) Top panel shows the chemical
structure of E67; the middle and bottom panels show the measurements of Kd and IC50 against GLP. (b) Top panel shows
the structure of the GLP–AdoHcy–E67 complex (Supplementary Table 2). The 5-aminopentyloxy moiety occupies the
target lysine-binding channel. Bottom panels show the reduced cell toxicity of E67. Mouse embryonic stem cells (TT2)
were treated for 24 h with E67 compound at 10 μM concentration. The experiments were performed together with BIX-
01294 and E72 (Fig. 1f) and control DMSO (see Supplementary Table 1). (c) Top panel shows the chemical structure of E70;
the middle and bottom panels show the measurements of Kd and IC50 against GLP.
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Compound E67 and its mono-methylated
analog (E70)

The 5-aminopentyloxy moiety at site A that is
inserted into the target lysine-binding channel in
Fig. 2. Structure of GLP–E72–AdoHcy complex. (a) Surface
and E72 bound in two distinctive pockets. The surface charg
positive, and white for neutral. (b) Network of hydrogen b
occupies the target lysine-binding channel; views from opposit
peptide containing H3K9me1 (PDB ID: 3HNA).9 (e) Superimp
and E72 (yellow). (f) E72 is methylated by GLP under the react
in the buffer of 20 mM Tris, pH 8.5, 5 mM DTT, and 2% DM
overnight (∼16 h) at room temperature (∼21 °C). The mass p
used in the mass spectra measurement (Supplementary Fig
contoured at 4 σ above the mean, is shown for E72.
both E72 (Fig. 2) and E67 (Fig. 3b) appears to be
optimal for inhibition because compounds contain-
ing one fewer methylene unit are weaker inhibitors
of the enzyme (4C compounds in Supplementary
Fig. S4). Interestingly, the compounds containing
representation of the GLP catalytic domain with AdoHcy
e at neutral pH is displayed as red for negative, blue for
onds centered on E72. (c) The 5-aminopentyloxy moiety
e directions. (d) The structure of GLP–AdoHcy–histone H3
osition of histone H3 peptide (taken from PDB ID: 3HNA)
ion conditions of 1.5 μMGLP, 1.6 μME72, 100 μMAdoMet
SO. The mixture was incubated for 3 h at 30 °C and then
eak at 568 Da (indicated by an asterisk) is from the matrix
. S3b). (g) Omit electron density, Fo−Fc (green mesh),
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one additional methylene (6C compounds) showed
inhibition comparable to that of compounds with
five methylene units (5C in Supplementary Fig. S4).
This is probably because the length of the 6C
aliphatic chain mimics the methylated 5-aminopen-
tyl group. The mono-methylated E67 (compound
E70) has a Kd value similar to that of the
unmethylated form, but with reduced inhibitory
effect by a factor of approximately 4 (Fig. 3c).
Perhaps the E70–GLP complex represents a methyl-
ated product, resulting in a faster off rate of the
ligand. Recently, Liu et al. synthesized a BIX analog
(UNC0224) with a 3-(dimethylamino)propoxy moi-
ety replacing the O7-methoxy group at site A.5

While the central quinazoline ring overlaps well
with that of E72 and E67, the 3-(dimethylamino)
propoxy side chain is two carbons too short to
mimic a di-methylated lysine side chain in the active
sites of G9a and GLP (Supplementary Fig. S5 and
Supplementary Table 3).

Discussion

By including a moiety to mimic the lysine side
chain at site A, we discovered that such modifi-
cation can result in more effective inhibition of
GLP (a H3K9 methyl writer) via a slow methyla-
tion reaction. The observations provide avenues
for designing small-molecule inhibitors for other
methyl-lysine writers, erasers, and readers by
including a lysine or methyl-lysine mimic. For
example, the 3-dimethylaminopropyl unit at site B
containing a di-methylated amino group could be
targeted by a di-methyl-lysine-specific Jumonji
demethylase. The 5-aminopentyl group at site C
might be targeted by a different SET domain protein.
The modification of the O6 methoxy at site D, which
interferes with the G9a/GLP–ligand interaction
(data not shown), might provide an anchor for bin-
ding with other SET- or Jumonji-domain-containing
proteins. Once the side-chain mimic at a specific
branch is identified for a particular target, lysine or
methyl-lysine mimics at other sites can conceivably
be eliminated or replaced to improve the selectivity,
and the length of the aliphatic chain can be optimized
to improve potency. In conclusion, iterative cycles
of crystallography, synthesis, and bioassay will aid
successful design of epigenetic inhibitors of histone
lysine methyltransferases as well as provide
knowledge for future therapeutics that might be
directly applicable to patients who are receiving
epigenetic-based therapies (5-aza-2′-deoxycytidine
and histone deacetylase inhibitors).10

Interestingly, the Kd and IC50 values for com-
pounds E67 (244 nM and 273 nM) and E72 (136 nM
and 100 nM) are approximately the same, whereas
the Kd values for compounds BIX (97 nM and 647
nM) and E11 (154 nM and 778 nM) (Supplementary
Fig. S2) are much lower than that of the
corresponding IC50 value (Supplementary Table 3).
It was somewhat puzzling that E72 and E67
compounds have lower IC50 than BIX and E11 yet
have similar or even higher Kd for GLP. This may be
explained by the different modes of binding of these
two groups of inhibitors. BIX and E11 occupy only
part of the substrate peptide groove of GLP while
leaving the target lysine channel open, so that they
could be competed away by the substrate peptides
relatively easily (indicated by the higher IC50 value
than Kd). E72 and E67, however, not only occupy the
surface of the peptide-binding groove but also
intercalate into the lysine-binding channel so that
each binding event leads to effective inhibition; that
is, the Kd and IC50 values are in agreement.
Molecular modeling

Many of the compounds prepared as background
to this study were modeled by Glide docking of
candidate structures into the GLP–BIX complex4

followed by MM-GBSA rescoring. Since this proce-
dure essentially provides superposition of BIX-
01294 with the crystal structure, it was used
throughout in the search for improved BIX analogs.
We illustrate the prediction for compound E72 in
Supplementary Fig. S6. The GLP–BIX–AdoHcy
complex X-ray structure [Protein Data Bank (PDB)
ID: 3FPD] was relieved of the BIX ligand in Maestro
8.5.111 (Schrodinger‡) and subjected to precision
flexible Glide docking11,12 with each new ligand
structure. Based on the Glide scoring function, 20
poses were saved and then rescored with MM-
GBSA.13,14 The resulting posewith the best-calculated
binding affinity was selected as the optimal docking
solution.
Chemical synthesis

Compound 1 was prepared as previously
described15 and reduced with tin (II) chloride16

(Supplementary Fig. S7). The intermediate anthra-
nilic acid was subsequently combined with sodium
cyanate, followed by POCl3, to provide 2.17,18
Treatment of the latter with 4-amino-1-benzylpiper-
idine in the presence of triethylamine delivered 3,
which was hydrogenated to produce a 3:1 mixture
of 4 and 5. These building blocks were individually
coupled with 5-bromopentenitrile in the presence of
potassium carbonate to produce 6 and 8. Finally,
these compounds were treated with N,N-dimethy-
laminopropylamine at high temperature to provide
precursors that were reduced by lithium aluminum
hydride to furnish 7 (E67) and 9 (E72). Liquid
chromatography–mass spectrometry and NMR
were used to analyze the homogeneity of the
synthesized compounds (Supplementary Fig. S8).

PDB accession numbers

The coordinates and structure factor for human
GLP catalytic domain boundwith E72, E67, and E11,
respectively, and AdoHcy have been deposited with
accession numbers 3MO5, 3MO2, and 3MO0.
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