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Abstract

Chemical inhibition of proteins involved in chromatin-mediated signaling is an emerging strategy
to control chromatin compaction with the aim to reprogram expression networks to alter disease
states. Protein methyltransferases constitute one of the protein families that participate in
epigenetic control of gene expression, and represent a novel therapeutic target class. Recruitment
of the protein lysine methyltransferase DOT1L at aberrant loci is a frequent mechanism driving
acute lymphoid and myeloid leukemias, particularly in infants, and pharmacological inhibition of
DOT1L extends survival in a mouse model of mixed lineage leukemia. A better understanding of
the structural chemistry of DOTLL inhibition would accelerate the development of improved
compounds. Here, we report that the addition of a single halogen atom at a critical position in the
cofactor product S-adenosylhomocysteine (SAH, an inhibitor of SAM-dependent
methyltransferases) results in an 8-fold increase in potency against DOT1L, and reduced activities
against other protein and non-protein methyltransferases. We solved the crystal structure of
DOTLL in complex with Bromo-deaza-SAH and rationalized the observed effects. This discovery
reveals a simple strategy to engineer selectivity and potency towards DOT1L into the adenosine
scaffold of the cofactor shared by all methyltransferases, and can be exploited towards the
development of clinical candidates against mixed lineage leukemia.
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1. Introduction

2. Results

Chromosomal translocation at the mixed lineage leukemia (MLL) gene can result in
oncogenic fusions between MLL and a number of proteins, including AF4, AF9 and AF10,
and formation of translocation complexes that recruit the H3K79 methyltransferase DOT1L
at aberrant loci in leukemia. The resulting illicit methylation of H3K79 activates expression
of genes essential for leukemogenesis, and is a key driver in 70% of acute lymphoid and
over 35% of acute myeloid leukemias in infants.1-3 Pharmacological inhibition of DOT1L as
a therapeutic strategy was recently supported by the discovery of EPZ004777, a small
molecule DOTLL inhibitor that selectively kills mixed lineage leukemia (MLL) cells and
extends survival in a mouse MLL xenograft model.* EPZ004777 competes with S-
adenosylmethionine (SAM), the cofactor shared by SAM-dependent methyltransferases
including lysine-, arginine-, DNA-, and small-molecule methyltransferases. EPZ004777
retains the adenosine scaffold of SAM, but is a much larger and more hydrophobic
compound due to the substitution of the amino-acid end by a tertbutyl-phenyl-urea group
(Fig. 1). This inhibitor, and analogs, reveal that important chemical modifications are
tolerated at the homocysteine end of SAM, which can be exploited to improve
pharmacokinetics.? ® Follow-up structural analysis by Basavapathruni et al. and by us
revealed that the presence of the tertbutyl-phenyl-urea group induced a dramatic remodeling
of the DOTLL catalytic site. Introduction of a bromine on the adenosine scaffold improved
ICs0 from 0.5 to 0.3 nM, and the effect on specificity was not characterized® 7. Yao et al.
identified more direct SAM analogs as specific inhibitors of DOT1L: (1) while the reaction
by-product S-adenosylhomocysteine (SAH) binds with high affinity to numerous protein
methyltransferases®, and acts as SAM competitive inhibitor, increased selectivity was
achieved by alkylating the primary amine at the adenine ring of SAH (see methyl-SAH in
Fig. 1); (2) increased potency was obtained through substitution at the homocysteine end,
which induced covalent binding to the substrate lysine.? Unfortunately, no cellular activity
has been reported for these compounds, presumably owing to their high hydrophilicity and
poor cell penetrance.

Here we demonstrate that bromination of the adenosine ring is sufficient to engineer both
potency and selectivity into SAH. The accompanying structural analysis rationalizes this
effect, and provides a framework for the development of improved inhibitors.

2.1. BrSAH is a potent DOTLL inhibitor

DOT1L is one of three known protein lysine methyltransferases (PKMT) that lack a
catalytic SET domain, but are structurally related to protein arginine methyltransferases
(PRMTS).10-12 stryctural analysis indicates that the SAM binding site of DOT1L is more
enclosed and therefore more likely to be druggable than that of other PKMTs.13 Since a
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common adenosine scaffold is shared by the cofactor of methyltransferases and kinases, we
screened a library of 3120 kinase inhibitors, assembled at the Structural Genomics
Consortium, by differential scanning fluorimetry (DSF) to find novel SAM-competitive
inhibitors of DOT1L1. This screen, and a virtual screen conducted previously (24
compounds selected, 8 compounds in stock and tested experimentally, Supplementary Table
1), identified the kinase inhibitor 5-iodotubercidine (5ITC — Fig. 1) as a potential DOT1L
inhibitor.14 15 We found that 5-1TC stabilized DOT1L with a Ty, shift of 2.5 °C at 50 pM.
Follow-up methyltransferase assay confirmed that 5-1TC inhibits DOT1L methyltransferase
activity with an 1Csq value of 18.2 + 2.1 pM (Fig. 2).

Based on the chemical similarity between SAH and 5ITC, we hypothesized that 51TC was
occupying the portion of the cofactor site centered on the adenosine moiety of SAH.
Superimposing 51TC on the structure of SAH bound to DOT1L (PDB code 3gox) suggested
that (1) the iodine atom of 51TC was occupying a hydrophobic cleft juxtaposed to the
adenine ring, and significantly contributed to the interaction, and (2) grafting the
homocysteine moiety of SAH on 51TC would further enhance binding affinity. To test this
model, we synthesized N7-Bromo-deaza-S-adenosyl-L-homocysteine (BrSAH), where the
iodine present in 51TC was replaced by a bromine to simplify chemical accessibility (Fig. 1).
BrSAH inhibited DOT1L methyltransferase activity with an ICsg value of 77 + 4 nM (Fig.
2). Recently published SAH analogs were also designed to exploit the hydrophobic cleft
juxtaposed to the cofactor adenine ring.® We note that these compounds, substituted at the
primary amine position of the adenine ring (e.g methyl-SAH Fig. 1), are less potent
inhibitors than SAH with Ki values more than double that reported for SAH.® On the other
hand, BrSAH is about 8 times more potent than SAH (the ICgy of SAH is 600 + 4 nM; Fig.
2). We therefore conclude that a bulky hydrophobic group such as an iodine or bromine
substituent at the 7 position of the adenine ring better exploits the DOT1L cofactor site.

To verify the binding mode of BrSAH, we solved the DOT1L-BrSAH co-crystal structure at
2.28 A resolution (Supplementary Table 2), and confirmed the overall similarity to the
DOT1L-SAH complex (RMSD of 0.5 A). The bromine atom is located in a hydrophobic
cavity composed of residues F245, V249, L224 and P133 (Fig. 3A and 3B).

2.2. BrSAH is selective for DOT1L

Structural analysis suggests that the bromide of BrSAH confers selectivity towards DOT1L.
First, it is located at the N7 position of the adenine ring, a position that is facing the bottom
of a binding groove and is engaged in a critical hydrogen-bond in all SET-domain PKMT
structures.18 Introduction of a bulky group at this position, such as a bromide, would break
this hydrogen-bond, and introduce unacceptable allosteric clashes in all SET domain
PKMTSs (Fig. 3C). We confirmed experimentally that BrSAH is inactive against the PKMTSs
MLL, EZH2 (present in the PRC2 complex), EHMT2/G9a, EHMT1/GLP, SUV39H2,
SETD7 and SETD8 (Fig. 4 and Table 1).

The observed specificity against PKMTs comes as no surprise, but the cofactor binding site
of DOT1L, PRMTs, DNA methyltransferases (DNMTSs) and small molecule
methyltransferases is organized around the same SAM dependent MT-fold,” and these
enzymes share a structurally similar cofactor binding domain (Fig. 5). To further investigate
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possible cross-reactivity with these classes of enzymes we characterized the effect of
BrSAH on the catalytic activities of PRMT3, PRMT5, DNMT1 and a small molecule
methyltransferase, nicotinamide-N-methyltransferase (NNMT).

Available structures suggest that BrSAH should have reduced activity against PRMTs. The
7 position of the adenine ring is located at the putative entrance of the cofactor pocket, next
to a mobile alpha-X helix that can adopt diverse conformations depending on the presence
of cofactor and peptide substrate (Fig. 5A).18 It is therefore likely that small structural
rearrangements would be necessary to accommodate the presence of a hydrophobic
substituent at this position. However, none of the available PRMT structures present a
cluster of hydrophobic residues as observed in DOTL1L (Fig. 3D), and the presence of a
bromide should come at an energetic cost. We confirmed experimentally that BrSAH was
about 25 times less active against PRMT3 and PRMT5 (ICsq = 2.3 uM) than DOTLL (Fig. 4
and Table 1).

Superimposing BrSAH on the structure of SAH in complex with DNMT?1 places the
bromide across the surface of the cofactor binding pocket, into the core of the protein
structure, at a position partially occupied by L1247, P1225, and next to F1145 (Fig. 3E). It is
unclear from the structure whether conformational rearrangements of these hydrophobic
residues that would be necessary to accommodate the bromide are energetically acceptable.
To explore this possibility, we tested the ability of BrSAH to inhibit DNMT1, and
determined an ICsq of 1.9 uM (Fig. 4 and Table 1). This suggests that binding of BrSAH to
DNMT1 is accompanied by unfavorable conformational strain. Superimposing BrSAH on a
cofactor molecule co-crystallized with the small molecule methyltransferase NNMT
highlights moderate steric clashes with A169 that may be accommodated by the enzyme at
an energetic cost (Fig. 3F). We verified that BrSAH inhibits NNMT with a moderate 1Cgq of
1.5 uM (Fig. 4 and Table 1).

Finally, even though the design of BrSAH was derived from 5ITC, a potent inhibitor of the
protein kinase haspin and adenosine kinase,14 1 addition of the homocysteine tail is likely
to preclude binding at ATP binding sites, and BrSAH is expected to be inactive against
kinases. We confirmed that no binding to the haspin catalytic domain was observed with 10
UM BrSAH by differential scanning fluorimetry (see material and methods).

3. Discussion

We have established that BrSAH is a novel, potent and selective DOTLL inhibitor. We note
here that we were unable to find cellular activity reported for any close SAH analog against
any methyltransferase, even though biochemically active compounds were reported in the
literature.® 19 We attribute this liability - an apparently general phenomenon - to the high
polarity of SAH analogs, which prevents crossing cell membranes. The discovery of
EPZ004777 as a potent SAM competitor teaches us an important lesson: DOTLL tolerates
significant chemical modifications at the amino-acid end of the cofactor (Fig. 1). Together,
these observations outline a strategy towards the development of improved SAM-
competitive inhibitors, where (1) addition of a bulky hydrophobic group such as a bromide
or tri-fluoromethyl at the N7 position of the adenine ring enhances potency, increases
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selectivity, and reduces hydrophilicity of the adenosine moiety of SAH and (2) chemical
modifications at the homocysteine, such as the one observed in EPZ004777, increase
hydrophaobicity at the amino-acid end to further improve cell penetrance.

Available structures clearly indicate the presence of a strong electrostatic potential at the
amino-acid end of the native cofactor pocket that can only be satisfied with polar, and
poorly bioavailable molecules. Overcoming this paradigm shared by SAM mimetics appears
particularly challenging. Yet, EPZ004777, a hydrophobic SAM competitor that lacks the
amino-acid moiety of the cofactor, contradicts this paradigm, suggesting that the cofactor
pocket may adopt an altered conformation in the absence of the cofactor’s homocysteine
moiety. The recent crystal structures of DOTLL in complex with 5-1TC and EPZ004777
confirm this hypothesis (PDB codes 3uwp and 4er3/4eki respectively): a large loop
immediately N-terminal to the conserved methyltransferase fold closes like a lid on the
cofactor (PDB code 1nw3), but adopts dramatically altered conformations in the 5-ITC and
EPZ004777 complexes (Figure 5C)8.7. This loop motion significantly alters the size and
electrostatics of the cofactor pocket, which may be sufficient to accommodate more
hydrophobic and cell penetrant SAM analogs. Interestingly, this structural rearrangement
observed in the DOTIL structure is reminiscent of another structural rearrangement reported
for PRMTs: the alpha-X helix of CARM1, positioned at the N-terminus of the conserved
methyltransferase fold, closes like a lid on the bound cofactor, but in the absence of SAM or
SAH, this helix is partially disordered, which again alters the geometry and electrostatics of
the cofactor pocket (Fig. 5A).18 Cell-penetrant SAM analogs that exploit this altered
geometry may be able to inhibit CARM1 or other PRMTSs.

A sequential mechanism of substrate binding has been proposed for SET-domain HKMTs,
whereby cofactor binding is necessary for proper folding of the Post-SET domain and
formation of the substrate binding groove.18 A striking parallel can be made for PRMTs and
DOT1L, where cofactor binding stabilizes the catalytically competent conformation of the
secondary element (alpha-helix in PRMTSs, activation loop in DOT1L) immediately adjacent
to the conserved methyltransferase fold. Whether this similarity in structural mechanism is
driven by related evolutionary pressures remains an open question.

4. Conclusion

We have shown here that addition of a single halogen atom can dramatically increase the
potency of DOTLL inhibitors, and improve their selectivity versus other lysine, arginine,
DNA and small molecule methyltransferases. The structural mechanism underlying these
improved properties was dissected. This discovery, combined with chemical modifications
at the homocystein end, provide a framework for future developments of DOTLL inhibitors.

5 Materials and Methods

5.1. Protein expression and purification

A construct of human DOT1L covering residues 1-420 was subcloned into a modified
PET28-MHL vector with an N-terminal His tag. The protein was overexpressed in E.coli
BL21 (DE3) V2R-pRARE in Terrific Broth medium in the presence of 50 pg/ml of

Bioorg Med Chem. Author manuscript; available in PMC 2016 March 07.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Yuetal.

Page 6

kanamycin and chloramphenicol. Cells were grown at 37°C to an ODgqq of 1.5, induced by
isopropyl-1-thio-D-galactopyranoside (IPTG, final concentration 1 mM) and incubated
overnight at 15°C. The cell pellets were frozen in liquid nitrogen and stored at —80°C. For
purification, the cell paste was thawed and resuspended in lysis buffer with 1mM
phenylmethyl sulfonyl fluoride (PMSF). DOT1L (1-420) was purified by Ni-NTA column
(Qiagen) and processed by TEV protease to remove the His tag. The protein was then
incubated in 50 mM Tris-HCI pH 8.0, 0.1 mg/ml BSA, 1 mM MgCl, with benzonase
nuclease for 2 hours at room temperature. Filtered protein sample was diluted with 50
mMK,;HPO,4/ KH,PO,4 pH 7.0, and further purified by HiTrap-SP (GE Healthcare). The
protein was further purified by gel filtration (Superdex 200, GE Healthcare).

5.2. Virtual screening

Receptor preparation—The DOT1L-SAM complex structure (PDB code 1nw3) was
used. The receptor was prepared with Maestro Protein Preparation Wizard (Schrodinger,
NY) using default settings. One important structural water molecule W1025 was retained
and included during docking. Protonation states were set at pH 7.4 using Epik. H-bond
assignment was optimized by Protassign, including exhaustive sampling and minimization
of hydrogens of altered species at neutral pH. Water orientation was also sampled for the
conserved water molecule. The receptor was refined during Impref minimization with
RMSD=0.3 Angstrom set for heavy atoms convergence under OPLS2005 forcefield. A
receptor grid was centered on bound SAM. All hydroxyl groups accessible from the cofactor
binding site were set rotatable.

Chemical library—the ZINC clean-drug-like set (downloaded on January 13, 2011)
containing 3.7 million commercially available compounds was used as ligand library for
docking. The library was prepared with LigPrep (Schrodinger, NY) during which
protonation states of all ligands were set at pH=7.4 using Epik.

Docking—The virtual screening was implemented in two consecutive steps using
Schrodinger Glide Virtual Screening Workflow. Initially, the whole 3.7-million-compound
library was docked into the receptor using Glide HTVS mode. The resulting top 100,000
ligands were retained for docking with Glide SP where six hydrogen bond constraints were
set based on previous analysis.13: N of F223, N of K187, OE2 of E186, O of G163, O of
water W1025, and O of D161. The top 777 compounds satisfying at least 4 out of the six
constraints were retained and clustered based on their chemical similarity. Twelve
representatives of each cluster and 12 SAM analogs occupying a previously identified
hydrophobic cleft at VVal249, including 5-1TC (docking score: —9.54), were selected for
experimental validation.

5.3. Differential scanning fluorimetry screening

Thermal denaturation experiments were carried out in a Mx3005p real-time PCR machine
(Agilent) using a protein concentration of 2 uM and an inhibitor concentration of 10 uM.
Samples were buffered in 10 mM HEPES, pH 7.5, 500 mM NaCl and a 1:1000 dilution of
Sypro Orange (Invitrogen, CA). The assay and data evaluation were carried out as
previously described.20
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5.4. DOT1L methyltransferase assay

The assay conditions reported by Daigle et al were used with minor modifications.*
Nucleosome purified from chicken blood cells was used as substrate. Nucleosome (final
concentration of 60 nM) was added into 20 pl assay mixture (20 mM Tris-HCI, 5 mM DTT,
10 mM MgCly, 0.01% Triton X-100, 0.25 nM recombinant DOT1L (1-420) with inhibitors
at different concentrations or DMSO as a control). The mixture was incubated at room
temperature for 30 minutes before 3H-SAM (PerkinElmer, catalog number NET155001MC)
was added to start the reaction (final concentration of 0.75 uM). Reaction mixture was
incubated at room temperature for one hour and quenched by adding 160 ul of 10%
trichloroacetic acid (TCA). The mixture was transferred into a glass fiber filter plate
(Millipore, catalog number MSFBN6B) and washed twice with 10% TCA and once with
ethanol. 100 pl Microscint Zero (PerkinElmer, catalog number 6013611) was finally added
into filter plates and centrifuged to flow through filters. Tritium incorporation was
monitored using TopCount (PerkinElmer).

5.5. Crystallization

Purified protein DOT1L (1-420) was concentrated to 16 mg/mL in a buffer containing 20
mM Tris-HCI pH 8.0, 200 mM NaCl, 1 mM EDTA, and 1 mM TCEP. To prepare the
complex, DOTIL (1-420) was mixed with BrSAH by directly adding a 5 fold excess of
compound to the protein solution and crystallized by using the sitting drop vapor diffusion
method at 18 °C. Crystals of DOT1L with BrSAH were grown in conditions containing 1.5
M (NH4),S04, 100 mM sodium acetate, pH 4.6. Prior to flash-freezing the crystals in liquid
nitrogen, the crystals were soaked in reservoir solution with added glycerol (20%) as a
cryoprotectant.

5.6. Diffraction data collection and model refinement

Diffraction data were collected at GM/CA collaborative access team (GMCA-CAT)
beamline 231D-D of the Advanced Photon Source, Argonne National Laboratory, at a
wavelength of 1.0332 A. For the refinement data set, intensities from one hundred
consecutive single-degree oscillation frames were integrated with DENZO and scaled with
SCALEPACK.2! Amplitudes were derived with the program TRUNCATE.22 The unit cell
was isomorphous to Protein Data Bank (PDB) entry 3QOWS8 which provided initial
coordinates for refinement, as well as flags for cross-validation.23 Geometry restraints for
BrSAH were calculated with PRODRG.24 The current model was deposited in the PDB after
iterative geometry validation on the MOLPROBITY server,2° re-building with COOT?26 and
refinement with REFMAC.2’

5.7. Selectivity assays

Selectivity assays for histone methyltransferases (HMTs) were performed as described by
Siarheyeva et al.28 Selectivity experiments for compounds using different HMTs (G9a,
EHMT1, SUV39H2, PRMT3, SETD7, SETD8, and PRMT5-MEP50, PRC2 and MLL1
complexes) were performed by monitoring the incorporation of tritium-labeled methyl group
to lysine or arginine residues of peptide substrates using scintillation proximity assay (SPA).
The enzymatic reactions were conducted in triplicate at room temperature with 1 hour
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incubation of a 20 pl reaction mixture in 20 mM Tris-HCI, pH 8.0, 5mM DTT, and 0.01%
Triton X-100 containing 3H-SAM (Cat.# NET155V250UC; Perkin Elmer), around K, value
for each enzyme (G9a, 8uM; EHMTL, 8uM; SUV39H2, 3 uM; PRMT3, 14 uM; SETD7, 2
uUM; SETDS8, 60 uM; PRMT5-MEP50, 2 uM; PRC2, 2 uM and MLL1, 2 uM). Protein
concentration in the assay for each HMT was as follows: G9a (5 nM), EHMT1 (5 nM),
SUV39H2 (20 nM), PRMT3 (100 nM), SETD7 (20 nM), SETD8 (50 nM), PRMT5-MEP50
(15 nM), PRC2 (20 nM), and MLL1 (500 nM). Corresponding biotinylated peptides (H3
(1-25) for G9a, EHMT1, SUV39H2, SETD7 and MLL1 complex; H3 (21-44) for PRC2
complex; H4 (1-24) for PRMT3 and SETD8) were used at about five times the K, value for
each enzyme (G9a, 0.8 uM; EHMT1, 0.6 uM; SUV39H2, 0.5 uM; PRMT3, 0.6 uM; SETD?7,
2uM; SETDS, 40 pM; PRMT5-MEP50, 120 nM; PRC2 complex, 1 pM; and MLL1
complex, 2 uM). 1C5q values were determined using compound concentrations ranging from
100 nM to 100 pM. Since all assays were performed at cofactor concentration equal to Ky,
values for SAM, Ki values were calculated as 1Cs/2 as described by Cer et al.2° To stop the
enzymatic reactions, 20 pl of 7.5 M Guanidine hydrochloride was added, followed by 180 pl
of buffer (20 mM Tris, pH 8.0), mixed and then transferred to a 96-well Flashplate (Cat.#
SMP103; Perkin Elmer). After mixing, the reaction mixtures in Flashplate were incubated
for 1 hour and the CPM counts were measured using Topcount plate reader (Perkin Elmer).
The CPM counts in the absence of compound for each data set were defined as 100%
activity. The CPM counts in the absence of the enzyme in each data set were defined as
background (0%). 1C5q values were calculated with the software SigmaPlot.

For DNMT1, the 1Cgq determination was performed as described above by using dsDNA as
a substrate. The dSDNA substrate was prepared by annealing two complementary strands
(biotinylated forward strand: B-GAGCCCGTAAGCCCGTTCAGGTCG and reverse strand:
CGACCTGAACGGGCTTACGGGCTC), synthesized by Eurofins MWG Operon. DNMT1
(100 nM) was incubated with dsDNA substrate (100 nM), 3H-SAM (2 M, ~ 60 uCi/ml) in
buffer (20 mM Tris-HCI, pH 8.0, 5 mM DTT, 0.01% Triton X-100) and the reactions were
incubated for 1 hour at 37 °C before quenching.

Inhibition of methyltransferase activity of recombinant full-length human NNMT was
measured using SAHH-coupled assay3C. The reaction mixture (15 L) consisted of 50 mM
Tris-HCI, pH 7.5, 5 uM SAM, 150 uM nicotinamide, 5 uM SAH hydrolase, 15 pM ThioGlo
1 (Calbiochem), 0.5 uM NNMT and variable amount of BrSAH ranging between 0.1 and
100 pM. The methylation reaction was followed by measuring the increase in fluorescence
using Synergy 4 microplate reader (BioTek) with 360/40 nm excitation filter and 528/20 nm
emission filter for 30 min in 384-well plate format. Reaction rates were calculated from the
initial linear slopes using Gen5 Software (BioTek). Data was converted to percent activity,
assuming 100% activity in the absence of BrSAH. ICgq values were calculated using a four
parameter logistic equation using Sigma Plot software (Systat Software). Standard
deviations were calculated from three independent experiments.

5.8. Chemistry

All oxygen and/or moisture sensitive reactions were carried out under No atmosphere in
glassware purged with N, prior to use. All reagents and laboratory grade solvents were
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purchased from commercial vendors and used as received, without further purification.
Nuclear Magnetic Resonance (NMR) spectra were recorded on a Bruker Avance-111 500
MH?z spectrometer (500 MHz 1H, 125 MHz 13C). Proton chemical shifts are reported in ppm
(8) referenced to the NMR solvent; DMSO-dg (2.50 ppm for 1H) or D,0 (4.79 ppm for 1H).
Data are reported as follows: chemical shifts (8), multiplicity (br = broad, s = singlet, d =
doublet, t = triplet, g = quartet, quint = quintuplet, m = multiplet); coupling constant(s) (J) in
Hz; integration; assignment. Unless otherwise noted, NMR data were collected at 25 °C.
Flash column chromatography was performed using a Biotage SP1 system fitted with a KP-
SIL SNAP Silica Gel (60 A mesh) Flash Cartridge (FSKO-1107). Purity determination was
conducted by UV absorbance at 254 nm during Tandem Liquid Chromatography/Mass
Spectrometry (LCMS) using a Waters Acquity separations module. Identity was determined
via low-resolution mass spectra (LRMS) acquired in positive ion mode using a Waters
Acquity SQD mass spectrometer (electrospray ionization source) fitted with a PDA detector.
Mobile phase A consisted of 0.01% formic acid in water, while mobile phase B consisted of
0.01% formic acid in acetonitrile. The gradient ran from 5% to 95% mobile phase B over 5
minutes at 0.7 mL/min. An Acquity CSH C18, 1.7 um, 2.1 x 50 mm column was used with
column temperature maintained at 25 °C. The sample solution injection volume was 5 LIL.
Analytical thin-layer chromatography (TLC) was performed on aluminum sheets, silica gel
60 Fy54 (0.2 mm, VWR International, Darmstadt, Germany). Visualization was
accomplished with UV light and aqueous potassium permanganate (KMnQy,) stain followed

by heating.
g O
p 21% . I
BSA __TMSOTf _, BzO 2
/ { ) MeCN, rt J|* \w MeCN, 80 °C o NN
N MesS! 0Bz OBz 63%
OBz OBz
NHy/MeOH
B| 120°C
40%
P P N
SN (DL) Homocystelne / & / =N
) _or (L)-Homocysteine CI ) SOCI; HO N | P
~ NaOH/H,0, 80°C o “HMPA, 1t o N
61%
OH OH OH OH OH OH
4a (DL), 13% 3 2

4b (L), 9%

Steps A and B are adapted from Seela et al.31 Additional information relating to the
characterization of reported compounds (1) and (2) can be found therein.

Steps C and D are adapted from Lim et al.32
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Step A: (2R,3R,4R,5R)-2-(Benzoyloxymethyl)-5-(5-bromo-4-chloro-7H-

Page 10

pyrrolo[2,3-d]pyrimidin-7-yl)tetra-hydrofuran-3,4-diyl dibenzoate (1)—N,O-
Bis(trimethylsilyl)acetamide (BSA, 0.56 mL, 2.27 mmol) was added to a stirred suspension
of 5-bromo-4-chloro-7H-pyrrolo[2,3-d]pyrimidine (480 mg, 2.06 mmol) in dry acetonitrile
(15 mL). After stirring at rt for 10 min, 1-O-acetyl-2,3,5-tri-O-benzoyl-p-D-ribofuranose

(1.16 g, 2.31 mmol) was added, followed by the addition of trimethylsilyl

trifluoromethanesulfonate (0.41 mL, 2.25 mmol). The reaction mixture was stirred at rt for
15 min, after which the flask was transferred to a preheated 80 °C oil bath. After stirring for
1 h at 80 °C, the reaction mixture was cooled to rt and diluted with EtOAc (75 mL). The
organic phase was sequentially washed with aqueous saturated NaHCO3 solution and bring,

dried (NaySQy,), filtered, and concentrated under reduced pressure to afford the crude
nucleoside. Purification by flash column chromatography (silica gel, 20-100% EtOAc/

hexanes gradient) provided (1) as a colorless foam (870 mg, 63%). TLC (silica gel, hexanes/

ethyl acetate 3:1): Rf = 0.45. LRMS (ESI): 677.3, 675.2 and 673.2 [M+H]".

Bioorg Med Chem. Author manuscript; available in PMC 2016 March 07.
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HO

OH OH
2

Step B: (2R,3R,4R,5R)-2-(4-Amino-5-bromo-7H-pyrrolo[2,3-d]pyrimidin-7-yl)-5-
(hydroxymethyltetra-hydrofuran-3,4-diol (2)—A solution of (2R,3R4R,5R)-2-
(Benzoyloxymethyl)-5-(5-bromo-4-chloro-7H-pyrrolo[2,3-d]pyrimidin-7-
yltetrahydrofuran-3,4-diyl dibenzoate (1) (870 mg, 1.29 mmol) in methanolic ammonia (7
N, 55 mL) was heated at 120 °C in a screw-cap pressure flask for 2 h. The mixture was then
cooled to rt, and the solvent evaporated under reduced pressure to afford the crude
nucleoside. Purification by flash column chromatography (silica gel, 5-15% MeOH/CH,Cl,
gradient) provided (2) as an off-white solid (179 mg, 40%). TLC (silica gel, CH,Cl,/MeOH
6:1): Rf = 0.35. TH NMR (500 MHz, DMSO-dg) 8: 8.10 (s, 1H, 6-H); 7.66 (s, 1H, 2-H); 6.81
(brs, 2H, 4-NH2); 6.05 (d, J = 6.0 Hz, 1H, 1“H); 5.32 (d, J = 6.2 Hz, 1H, 2“0H); 5.15 (d, J
=5.4 Hz, 1H, 3“0H); 5.11 (d, J = 4.7 Hz, 1H, 520H); 4.35 (m, 1H, 27H); 4.07 (m, 1H, 3~
H); 3.89 (m, 1H, 4“H); 3.62 (m, 1H, 5“H); 3.54 (m, 1H, 5“H). LRMS (ESI): 346.2 and
344.4 [M+H]*.
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Cl

OH OH
3

Step C: (2R,3R,4R,5R)-2-(4-Amino-5-bromo-7H-pyrrolo[2,3-d]pyrimidin-7-yl)-5-
(chloromethytetra-hydrofuran-3,4-diol (3)—A solution of (2R,3R 4R 5R)-2-(4-
Amino-5-bromo-7H-pyrrolo[2,3-d]pyrimidin-7-yl)-5-(hydroxymethyl)tetrahydrofuran-3,4-
diol (2) (160 mg, 0.463 mmol) in hexamethylphosphoramide (2 mL) was cooled to 0 °C.
Thionyl chloride (0.202 mL, 2.78 mmol) was added dropwise with stirring, and after 10 min,
the solution was warmed to rt and stirred a further 18 h. Following dilution with water (5
mL) and adjustment to pH = 8 with aqueous NaOH solution (1 M), the aqueous layer was
extracted with EtOAc (3 x 5 mL). The combined organic extracts were dried (Nay;SQOg,),
filtered, and concentrated under reduced pressure to afford the crude nucleoside. This
material was then dissolved in CH,Cl, and triturated with hexanes to produce a precipitate.
The precipitate was collected by filtration, providing pure (3) as an off-white solid (102 mg,
61%). TLC (silica gel, CH,Cl,/MeOH 6:1): R¢ = 0.45. LRMS (ESI): 362.1, 364.0 and 365.9

[M+H]*.
Br  NH2 Br. NH2
0 Q/fN o) SN
7l
s |
HOJ\{V o N N/) HO)K;/\/S o N N/)
NH, NH,
OH OH OH OH
4a 4b

Step D: (DL)- and (L)-2-Amino-4-(((2S,3S,4R,5R)-5-(4-amino-5-bromo-7H-
pyrrolo[2,3-d]pyrimidin-7-yl)-3,4-dihydroxy-tetrahydrofuran-2-
yl)methylthio)butanoic acid (4a and 4b)—To a solution of DL- or L-homocysteine
(26 mg, 0.19 mmol) in 1 N NaOH/H,0 (0.60 mL) was added (2R 3R 4R 5R)-2-(4-amino-5-
bromo-7H-pyrrolo[2,3-d]pyrimidin-7-yl)-5-(chloromethyl)tetrahydrofuran-3,4-diol (3) (50
mg, 0.14 mmol) and K1 (10 mg). The reaction mixture was stirred vigorously at 80 °C for 2
h, cooled to rt, and applied to a column (1 x 15 cm) of Amberlite XAD-4 ion exchange

Bioorg Med Chem. Author manuscript; available in PMC 2016 March 07.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Yuetal.

Page 13

resin. The column was washed [0.2 N NH4OAc (30 mL); H,O (20 mL)] and eluted [H,O
(20 mL); ethanol (30 mL)] to afford 4a or 4b as an off-white solid (8 mg, 13% for 4a and 6
mg, 9% for 4b). 1H NMR (500 MHz, D,0) §; 7.89 (s, 1H, 6-H); 7.25 (s, 1H, 2-H); 6.01 (m,
1H, 1“H); 4.75 (m, 1H, 24H); 4.45 (m, 1H, 3“H); 4.22 (m, 1H, a-H); 4.19 (m, 1H, 4“H);
3.70 (m, 2H, 5*“H); 2.60 (br t, 2H, »~H); 2.11 (m, 2H, #-H). LRMS (ESI): 463.0 and 461.1
[M+H]*.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Structure of DOTLL inhibitors
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All reported DOTLL inhibitors are mimetics of the cofactor by-product SAH. (a): Daigle et

al 2011;# (b): Yao et al 2011;° (c): this work
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Figure 2. BrSAH is a potent inhibitor of DOT1L

1C5q values for 5-ITC, SAH and BrSAH were determined (18.4, 0.6 and 0.077 uM

L J
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1000 10000

respectively) at K, of SAM, using a radioactivity based assay as described in material and

methods.
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PRMT3 DNMT1 NNMT

Figure 3. Structure of DOT1L-BrSAH complex
BrSAH is buried in an enclosed pocket, and makes numerous hydrogen-bonds with

surrounding polar residues, as previously observed in the DOT1L-SAM complex!? (A,B).
The bromine atom (magenta) is occupying a cleft formed by a cluster of hydrophobic side-
chains (A,B). Superimposing our structure of BrSAH with cofactor molecules co-
crystallized with diverse methyltransferases shows that risks of cross-reactivity are low with
SET domain PMTs, and moderate with PRMTs, DNMTs and small-molecule
methyltrasferases (C-F. See text for details). PDB codes are SETD7: 109s, PRMT3: 2fyt,
DNMT1: 3pta, NNMT: 3rod. Molecular surface coloring are green: hydrophobic, red:
hydrogen-bond acceptors, blue: hydrogen-bond donor. Sticks color-code is blue: nitrogen,
red: oxygen.
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Figure 4. Selectivity profile of BrSAH across a panel of methyltransferases
Inhibitory effect of BrSAH on lysine methyltransferases MLL1, EZH2 (PRC2 complex),

EHMT2/G9a, GLP/EHMT1, SUV39H2, SETD7, SETDS8, and protein arginine
methyltransferases PRMT3, PRMT5 as well as DNA-methyltransferase DNMT1 and the
small molecule methyltransferase NNMT were assessed as described in materials and
methods. BrSAH inhibited NNMT, PRMT3 and PRMT5 with 1Csq values of 1.5, 2 and 2
UM respectively.
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B B

Figure 5. The SAM-dependant MT-fold is shared by non-SET domain methyltransferases
PRMTs (A), small-molecule methyltransferases (B), DOT1L (C), and DNMTs (D) share a

common SAM binding fold (dashed-line square). A structural element variable in length and
geometry (orange), immediately upstream of this conserved fold, covers the bound cofactor
(cyan), contributes to formation of the site of methyl transfer (solid-line square), and to the
recruitment of the methyl-accepting substrate (indicated in green by the co-crystallized
substrate in B). In the absence of cofactor (A) or in the absence of the cofactor’s
homocysteine end (C), this element can adopt different conformations (blue) that alter the
binding pocket of SAM. The specificity of substrate recruitment and accuracy of substrate
presentation relies on the nature of this critical and diverse structural element. PDB codes:
CARML1: 3b3f (orange), 3b3j (blue), COMT: 1vid, DOT1L; 1nw3 (orange), 3uwp (blue);
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DNMT: 3pta. (structurally diverse domains not participating in cofactor binding were
removed, and DNA substrate is not shown in D, for clarity).
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Table 1

Selectivity profile of BrSAH across a panel of methyltransferases

MTase
DOTIL
NNMT
DNMT1
PRMT3
PRMT5
MLL
PRC2
G9a
EHMT1
SUV39H2
SETD7
SETD8

Ki (um)”
0.038 +0.002
0.75+0.05
0.95+0.1
1.15+0.1
1.15+0.15
No inhibition
No inhibition
No inhibition
No inhibition
No inhibition
No inhibition

No inhibition

Page 21

*
1C5Q values were determined at cofactor concentration equal to Km value for SAM for each enzyme, and used to calculate Ki values as described

by Cer et al.29
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