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ABSTRACT: The mixed-lineage leukemia (MLL) protein, also known as
MLL1, is a lysine methyltransferase specifically responsible for
methylation of histone 3 lysine 4. MLL has been pursued as an attractive
therapeutic target for the treatment of acute leukemia carrying the MLL
fusion gene or MLL leukemia. Herein, we report the design, synthesis,
and evaluation of an S-adenosylmethionine-based focused chemical
library which led to the discovery of potent small-molecule inhibitors
directly targeting the MLL SET domain. Determination of cocrystal
structures for a number of these MLL inhibitors reveals that they adopt a
unique binding mode that locks the MLL SET domain in an open,
inactive conformation.
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MLL protein is a lysine methyltransferase, responsible for
Histone 3 Lysine 4 (H3K4) methylation. Rearrange-

ments of the mixed-lineage leukemia (MLL) gene, also known
as MLL1, have been detected in >70% of acute lymphoblastic
leukemias (ALL) in infants and 5−10% of acute myelogenous
leukemias (AML) in adults.1,2 AML patients carrying the MLL
fusion gene, or MLL leukemia, have a very poor prognosis and
are unresponsive to current treatments. There is therefore an
urgent need to develop new therapeutic strategies for MLL
leukemia.
MLL translocations invariably occur on only one MLL allele.

Because the MLL fusion proteins contain no SET [Su(var.)3-9,
Enhancer-of-zeste and Trithorax] domain, which is the
catalytic unit of MLL, MLL translocations lead to a loss of
the H3K4 methyltransferase activity, but the remaining wild-
type MLL allele retains the H3K4 methyltransferase activity. It
has been shown that both the wild-type and fusion MLL
proteins are required for MLL-AF9-induced leukemogenesis
and maintenance of MLL-AF9-transformed cells. Therefore,
inhibition of the H3K4 methyltransferase activity of MLL has
been proposed as an attractive therapeutic strategy for the
treatment of MLL leukemia.
Although MLL protein contains a catalytic SET domain, the

protein itself has very low histone methyltransferase (HMT)
activity.3 When MLL protein forms a complex with WDR5,
RbBP5, and ASH2L, its HMT activity is dramatically
enhanced.3 Therefore, targeting the protein−protein inter-
actions within the MLL complex, in particular the WDR5-MLL
protein−protein interaction, has been pursued as a strategy to
inhibit the MLL HMT activity. In the past few years, we have

reported the discovery of highly potent and cell-permeable
peptidomimetics of the WDR5-MLL protein−protein inter-
action.4 Potent, nonpeptidic, small-molecule inhibitors of the
WDR5-MLL interaction have also been reported.5,6

Because MLL is a methyltransferase, another potential
therapeutic strategy is to develop small-molecule inhibitors
that bind to the active site of MLL and directly block its HMT
enzymatic activity. This strategy has been successfully
employed for the design of direct inhibitors for a number of
histone methyltransferases including MMSET,7 SET7/9,8,9

SMYD3,10 SETD2,11 EZH2,12 DOT1L,13,14 SMYD2,15

PRMT4,16 and PRMT717 but, to date, no direct MLL
inhibitor has been reported.
Like other methyltransferases, MLL employs S-adenosylme-

thionine (SAM or AdoMet) as a major methyl donor which
engineers the transfer of a methyl group to histone lysine
residues.18,19 In the present study, we describe the discovery of
potent, direct MLL inhibitors, through the design, synthesis,
and evaluation of a SAM-based focused chemical library.
Our strategy was to synthesize small molecules that mimic

the transition state of the methylation chemical reaction of the
lysine substrate by incorporation of the cofactor SAM with a
portion of the lysine substrate as illustrated in Figure 1(A).
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In our design, the adenosine and the 2-aminobutanoic acid
moieties were retained because they are structural moieties
necessary for binding to the cofactor binding site. The
positively charged sulfur atom in the transition state structure
was replaced with a nitrogen atom. To identify optimal
moieties that mimic the transition state structure, we
systematically explored various primary, secondary, or tertiary
amines, as well the linker length between the two nitrogen
atoms in the designed inhibitors. We further attached either an
aliphatic or an aromatic hydrophobic fragment to the nitrogen
to explore the chemical space around the lysine tunnel that is
known to be responsible for the selectivity between different
methyltransferases. This focused chemical library was catego-
rized, based upon the nature of the group attached to the
nitrogen atom mimicking the charged sulfur atom, into the
following eight groups: pure aliphatic, cyclobutene amine,
cyclobutene methylene amine, triazole, azetidine, ethylamine,
propylamine, and methylene azetidine (Figure 1(B)).
We first screened this focused compound library for the

ability to inhibit MLL methyltransferase at a single
concentration of 10 μM and obtained the results shown in
Figure 2. This screening led to identification of 5 compounds,
each of which achieved >90% inhibition of the MLL HMT
activity. Additionally, 5 other compounds were found to
achieve 70−80% inhibition of the MLL HMT activity.
Among the compounds tested, 4 out of the 5 compounds

containing a methylene azetidine (Group IV) inhibit the MLL

activity by >90%. In contrast, all the compounds in the
aliphatic subset exhibit less than 40% inhibition.
To validate the screening hits, we determined the IC50 values

for all compounds which achieved >85% inhibition in the
screening using the AlphaLISA assay we developed for MLL.20

For Groups VI and VII, in which no single compound
inhibited the MLL activity by >85%, we selected a
representative compound with the highest inhibition and
evaluated it in the MLL AlphaLISA assay. We included SAH
(S-adenosyl-L-homocysteine), a known pan-HMT inhibitor, as
a positive control.21 The results of these dose-dependent
experiments are summarized in Table 1.

In the MLL AlphaLISA assay, SAH has an IC50 value of 724
nM. The most potent inhibitors in Groups I−II are 2−3 times
more potent than SAH. The most potent inhibitor in Group III
has an IC50 of 127 nM and is thus 5-times more potent than
SAH. Four compounds in Group IV, including compound 5,
achieve the highest potencies with IC50 values of 21−72 nM,
and are >10-times more potent than SAH. The most potent
compound in Group V has an IC50 value of 201 nM and is 3-
times more potent than SAH. The most potent compound in
Group VI has an IC50 value of 415 nM, similar to that of SAH.
The most potent compound in Group VII has an IC50 value of
132 nM and is thus 5-times more potent than SAH.
Compound 5, with an IC50 value of 21.8 nM is the most

potent MLL inhibitor identified in the focused chemical
library. We performed further modifications of the azetidine in

Figure 1. Design of a focused SAM-based library. (A) Proposed
mechanism of lysine methylation catalyzed by SAM-dependent lysine
methyltransferases. (B) Designed SAM analog library based on the
proposed transition state structure. The library contains 8 groups:
aliphatic, I (azetidine), II (ethylamine), III (cyclobutane amine), IV
(methylene azetidine), V (propyl amine), VI (cyclobutane methylene
amine), and VII (triazole). The R functional groups include either an
aliphatic or an aromatic hydrophobic fragment.

Figure 2. Categorical scatter plot representation of the results of
screening a focused library against MLL methyltransferase using an
HMT assay at a single concentration of 10 μM.

Table 1. Determination of the IC50 Values of Possible
Inhibitors Using the AlphaLISA Assay for MLL
Methyltransferase
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5 to gain a further understanding of the SAR for this site with
the results summarized in Table 2.

Substitution of the azetidine NH in 5 with a benzyl group
resulted in compound 11, which has an IC50 value of 47 nM
and is thus 2-times less potent than 5. Substitution of a
chlorine atom onto each of three different positions of the
phenyl ring in 11 led to a modest decrease in inhibitory
potency (2−3 times). Replacing the phenyl group in 11 with 2-
thiophenyl or 3-thiophenyl yielded 16 and 15, respectively.
While 16 has an IC50 value of 67 nM, which is 3-times less
potent than 5, compound 15 is equipotent with 5.
To gain precise structural insights into the potent inhibition

by those MLL inhibitors in Group IV, we solved the cocrystal
structure of MLL1 SET domain in complex with four
methylene azetidine inhibitors (compounds 16 (TC-5109),
14 (TC-5139), 12 (TC-5140), and 18 (TC-5153)) at
resolutions ranging from 1.95 to 2.1 Å (Figure 3 and Table
S1, PDB ID: 6U9M, 6U9N, 6U9R, 6U9K).
These cocrystal structures showed that the binding modes of

adenosine and the α-amino-acid moieties of these 4 inhibitors
occupy the cofactor binding site and form the same contacts
with the MLL SET domain as SAH in previous structures.20,22

Unexpectedly, the methylene azetidine moiety of these
inhibitors is not directed into the lysine tunnel but instead
extends the aromatic substituents of each inhibitor toward bulk
solvent on the exterior surface of the protein (Figure 3A).
Ligand density (Supporting Information Figure S1) suggests
that the azetidine ring and methylene bridge of the phenyl
substituent are well-ordered due to hydrophobic packing
interactions with the α-amino acid of the inhibitors and with
the side chain of Tyr3883 as shown in the MLL/TC-5140
structure (Figure 3B). The chlorophenyl substituent of TC-
5140 (Figure 3B) and the thiophene ring of TC-5109 form an
edge-to-face π−π interaction with the side chain of His3839.
These crystal structures suggest that the azetidine group in our
inhibitors induces the “open” conformation of the lysine
binding site permitting additional interactions between the tail
groups of the inhibitors and the MLL SET domain.
This overall fold of the SET domain bound to our inhibitors

is consistent with previous structural studies, in which the MLL
SET domain demonstrates a more open lysine binding site
than other histone methyltransferases.22,23 Superposition of
our MLL SET domain structures with three closely aligned
lysine methyltransferases (MMSET, SETDB2, EZH2) shows
that MLL is in a more “open” conformation based on a critical
displacement of the SET-I helix with respect to the C-terminal

flanking region23 (Figure 3C). The alignment further indicates
that the loop preceding SET-I helix in MMSET/SETDB2 and
EZH2 would sterically clash with the N-azetidine moiety in our
inhibitors. Previous studies also suggest that the SET-I helix
must be reoriented to adopt a “closed” conformation in order
to exert full catalytic activity on SAH.23,24 Our cocrystal
structures therefore suggest that our designed MLL inhibitors
may lock the MLL SET domain in the “open” state observed in
the cocrystal structures and consequently inhibit the MLL SET
domain by stabilizing an inactive conformation.
Taken together, our cocrystal structures provide a structural

basis for the inhibitory activity of these SAM-based inhibitors
of MLL and guidance for further structure-based optimization.
The synthesis of compounds 11−18 containing a substituted

N-azetidine series is illustrated in Scheme 1. Reductive
amination of compound 19 with tert-butyl (S)-2-((tert-
butoxycarbonyl)-amino)-4-oxobutanoate produced compound
20. Compound 21 was prepared by reductive amination of
compound 20 with benzyl 3-formylazetidine-1-carboxylate,

Table 2. Structure−Activity Relationship Studies of the
Group IV Compounds

Figure 3. (A) Crystal structures of inhibitors TC-5109 (cyan sticks),
TC-5139 (pink sticks), TC-5140 (yellow sticks), and TC-5153
(magenta sticks) bound to the MLL SET domain (gray surface).
Phenyl substituents of inhibitors are projected toward bulk solvent
opposite to the channel occupied by N-methyllysine (black sticks,
based on overlay with PDB ID: 2W5Z). (B) Detailed view of
compound TC-5140 (yellow sticks) interactions with MLL cofactor
binding site. Dashed lines represent hydrogen bonds. (C) Superposed
structure of MLL SET domain (shown in pink) bound to compound
18 (TC-5153, magenta sticks) complex with MMSET/SETD2 (PDB
ID: 5LSY, shown in green) and EZH2 (PDB ID: 5WG6, shown in
orange).

Scheme 1. Synthesis of Compounds 11−18

atert-Butyl (S)-2-((tert-butoxycarbonyl)amino)-4-oxobutanoate,
NaHB(OAc)3, DCE, rt, 4 h. bBenzyl 3-formylazetidine-1-carboxylate,
NaHB(OAc)3, DCE, rt, 3 h. cH2, Pd/C, MeOH, rt, 1 h. dRCHO,
NaHB(OAc)3, DCE, rt, 2 h. eTFA, DCM, rt, 1 h.
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NaHB(OAc)3 and DCE followed by removal of the protecting
group by hydrogenation. Reductive amination of various
aldehydes (RCHO) with compound 21 and the subsequent
deprotection provided the final compounds 11−18.
In summary, we designed a focused library using a

bisubstrate strategy and discovered a number of potent
inhibitors of MLL methyltransferase activity. Among them,
compound 16 (TC-5115) is the most potent and exhibits an
IC50 value of 16 nM. Cocrystal structures of MLL in complex
with 4 potent inhibitors were determined, which reveal that
these inhibitors may lock the MLL SET domain in an open,
inactive conformation. Further optimization of compound 16
may ultimately lead to the development of a new therapy for
the treatment of human MLL leukemia.
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