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Abstract

Isomers of chiral drugs can exhibit marked differences in biological activities. We studied the
binding and inhibitory activities of 12 compounds against KDM5A. Among them are two pairs of
enantiomers representing two distinct inhibitor chemotypes, namely, (/)- and (S5)-2-((2-
chlorophenyl)(2-(piperidin-1-yl)ethoxy)methyl)-1 H-pyrrolo[3,2- ] pyridine-7-carboxylic acid
(compounds N51 and N52) and (A)- and (S)-N-(1-(3-isopropyl-1H-pyrazole-5-
carbonyl)pyrrolidin-3-yl)cyclopropanecarboxamide (compounds N54 and N55). In vitro, the S
enantiomer of the N51/N52 pair (N52) and the /R enantiomer of the N54/N55 pair (N54) exhibited
about 4- to 5-fold greater binding affinity. The more potent enzyme inhibition of KDM5A by the
R-isoform for the cell-permeable N54/N55 pair translated to differences in growth inhibitory
activity. We determined structures of the KDMb5A catalytic domain in complex with all 12
inhibitors, which revealed the interactions (or lack thereof) responsible for the differences in
binding affinity. These results provide insights to guide improvements in binding potency and
avenues for development of cell permeable inhibitors of the KDM5 family.

Graphical Abstract

{KDMSA)

(RI-HE1 | (5)-N52 HEL ] {5)-NST | [54-H5E

INTRODUCTION

Histone lysine methylation is involved in a wide range of biological processes including
gene expression, chromatin organization, dosage compensation, and epigenetic memory and
is often compromised in cancers (reviewed in ref 1). Histone methylation can be
transcriptionally repressive or activating, depending on the position and identity (lysine or
arginine) of the methylated residue and the extent of its methylation (i.e., monomethylated,
dimethylated, or trimethylated).2 Methylation of lysine residue 4, 36, or 79 of histone H3 is
typically associated with active transcription, while methylation of lysine 9 or 27 of histone
H3 and lysine 20 of histone H4 contributes to repression.3 Along with other histone
modifications such as acetylation, phosphorylation, and ubiquitination, other regulatory
factors, and DNA cytosine modifications, these modifications ultimately determine
chromatin conformation and the local potential for gene expression.

To enable changes in chromatin structure and gene expression, histone modifications have to
be dynamic. Although protein extracts containing lysine demethylase activity were identified
and partially purified as early as the 1960s (reviewed in ref 4), the first protein lysine-
specific demethylase 1 (LSD1, also known as KDM1A), a flavin-dependent amine oxidase,
was identified nearly a half century later.? This was immediately followed by the discovery
of a second and larger class of Jumonji-domain containing demethylases:® a family of >20
Fe(Il) and a-ketoglutarate (aKG)-dependent dioxygenases (KDM2-8). Histone
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demethylases have since become important therapeutic targets, particularly in human
cancers where these enzymes are frequently mutated and/or misregulated.”-8

Histone H3 lysine 4 (H3K4) methylation is typically associated with regions of accessible
chromatin, including gene promoters and enhancers. There are two different enzyme
families that act on methylated H3K4; LSD1/KDM1 removes methyl groups from low-
degree (mono- or di-) methylated H3K4° (reviewed in ref 9), whereas JARID1/KDM5
removes methyl groups from the higher-degree (tri- or di-) methylated H3K4 forms10
(reviewed in refll). The KDM5 family is unique among histone demethylases in that each
member contains an atypical split catalytic domain wherein the insertion of a DNA-binding
ARID and a histone-interacting PHD1 domain separates the Jumonji domain into two
segments, JmjN and JmjC (Figure S1A in Supporting Information). Although all four
members of the KDM5 family catalyze the demethylation of the same histone mark, they
have different tissue expression profiles and are present in distinct protein complexes,
suggesting different cellular functions. 1112

The KDMS5 family has been implicated in the pathogenesis of several types of cancer and
plays a role in drug resistance and in metastasis.12~13 For example, KDM5A is amplified or
overexpressed in breast cancer,14 lung cancer,1516 hepatocellular carcinoma,” and gastric
cancers.1819 KDMS5A has been linked to the control of proliferation and senescence by
antagonizing the functions of retinoblastoma protein29-22 and through direct repression of
cyclin-dependent kinase inhibitor genes.1517:18 Knockout of KDM5A significantly
prolonged survival in genetically engineered mouse tumor models.22:23 Moreover, KDM5A
plays a role in the epithelial-mesenchymal transition624 and the suppression of
invasion1°23 and metastasis.232° Increased levels of KDM5A have been shown to confer
anticancer drug resistance in lung cancer,26 breast cancer,14 and glioblastoma.2’ KDMS5B is
similarly overexpressed in a variety of cancers, including breast cancer and others,28:29 and
is associated with a poor prognosis, chemo-resistance, and metastasis.30-3°

Given the mounting evidence from human tumors and model systems supporting a role for
the KDM5A and KDM5B as oncogenic drivers, extensive efforts have been devoted to
develop KDM5 family specific inhibitors. Several cell-permeable inhibitors have been
identified (K DM5-C70 (patent W02014053491), CPI-455,36 and K DOAM-25%7) and have
been shown to alter global levels of H3K4me3 and to inhibit cancer cell growth, thus serving
as the basis for further development of therapeutic agents that combat KDM5 oncogenic
potential. We and others have studied the binding modes of chemically diverse KDM5
inhibitors in complex with KDM5A and KDM5B demethylases.36-39 We noted that some of
the compounds that inhibit enzyme activity in vitro were racemic mixtures, and thus we
were intrigued by the opportunity to identify stereospecific inhibitors of KDM5 and to
understand the structural basis for that selectivity.

The individual enantiomers of chiral drugs can exhibit marked differences in biological
activity, and thus detailed characterization of the individual isomers is critical.#041 With
regard to aKG-dependent dioxygenases in particular, cancer-associated mutations in the
isocitrate dehydrogenases IDH1 and IDH2 alter the function of these enzymes such that
instead of catalyzing the oxidative decarboxylation of isocitrate to aKG, they go on to
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produce the (/)-enantiomer of 2-hydroxyglutarate (2HG),*243 a weak inhibitor of many
aKG-dependent dioxygenases.*4—48 Interestingly, whereas the (S)-isomer is a more potent in
vitro inhibitor of most of the aKG-dependent enzymes tested, only (/)-2HG exhibits
cellular activity, inducing cytokine independence and blocking differentiation of
hematopoietic cells#’ and targeting FTO N6-methyladenine RNA demethylase in leukemic
cells,*8 suggesting that enantiomeric inhibitors of the broader class of aKG-dependent
dioxygenases may have distinct in vitro versus in vivo activities.

Here we study the structural features and growth inhibitory properties of two pairs of
enantiomeric KDMS5 inhibitors, namely, (/)- and (S)-2-((2-chlorophenyl)(2-(piperidin-1-yl)-
ethoxy)methyl)-1H-pyrrolo[3,2- f]pyridine-7-carboxylic acid (compounds N51 and N52)
and (R)- and (S)-N-(1-(3-isopropyl-1H-pyrazole-5-carbonyl)pyrrolidin-3-yl)-
cyclopropanecarboxamide (compounds N54 and N55). We find that, in vitro, the Sisoform
of the N51/N52 pair (N52) and the Risoform of the N54/N55 pair (N54) exhibited greater
binding and more potent inhibition of KDM5A. For the cell-permeable N54/N55 pair, this
difference in potency translated to a difference in cells wherein the (~/)-N54 showed
enhanced accumulation of H3K4me3 and greater growth inhibition.

We previously defined the minimal requirements for in vitro enzymatic activity of KDM5
family to be the linked JmjN-JmjC domain coupled with the immediate C-terminal helical
Zn-binding domain.*? Deletion of internal ARID and PHD1 domains (AAP) between JmjN
and JmjC as well as the region C-terminal to the Zn-binding domain generated KDM5A(1-
739)AAP, which was used for enzyme activity studies (Figure S1C). The protein produced
without the Zn-binding domain, KDM5A(1-588)AAP, was used for compound binding
assays and structural studies (Figure S1D). Recombinant proteins were affinity-purified from
Escherichia coli using an N-terminal His-SUMO-tag, which was subsequently removed as
described.#? Structural comparisons with a longer construct of KDM5A, 36 which comprises
the entire N-terminal half (including ARID, PHD1, and the C-terminal Zn helical domain)
(Figure SIB), showed that the deletion of the ARID-PHD1 domains does not interfere with
either the folding of the linked JmjN-JmjC domain or the conformation of its active site. The
chemically related compounds CPI-455 and N8 bind in the active site of the two KDM5A
constructs in exactly the same manner (Figure S1E). The shorter construct with the linked
JmjN-JmjC domain provides an opportunity for studying numerous KDM5A demethylase
inhibitors at near atomic resolution by X-ray crystallography.

Structure—Function Relationships among KDM5-Directed Inhibitors.

Among the 12 compounds we examined, 9 contain a 1A-pyrrolo[3,2-6]pyridine-7-
carboxylic acid (pyridine-7-carboxylic acid) moiety and 2-chlorophenyl moiety connected to
a variable length of alkoxyether (Figure 1A,B). Compounds N9, N40, N41, N42, N46, N47,
and N48 are racemic mixtures containing the same chiral secondary carbon atom connected
by the three different substituents and a hydrogen. The racemic mixture of compound N40
was separated by chiral chromatography (Supporting Information methods), yielding two
enantiomers N51 and N52 (the assignment of /- and S-enantiomers is based on the observed
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electron densities in the final refined structures). Using the purified minimal catalytic
domain KDM5A(1-588)AAP, we measured the dissociation constants (Kp) by isothermal
titration calorimetry (ITC) (Figures 1C and S2). Among the mixtures, N9 (patent
W02014164708), which lacks a piperidine ring, has an approximately 3-fold weaker
binding affinity relative to N40. Compounds with piperidine (N40 or N48),
difluoropiperidine (N41), or pyrrolidine (N46) substitutions have similar binding affinities in
the range of 0.15-0.25 M. This indicates that the identity of the basic substituents at the
end of alkoxyether and the length of alkyl linker has a relatively small impact on binding
affinity and is tolerant of structural modification. The substitution of pyrrolidine ring in N46
with an imidazole ring in N47 reduced the binding affinity by ~3-fold. Shortening the
alkoxyether extension from two-carbon to one-carbon reduced the binding affinity by ~2-
fold (N41 and N42), whereas an increase in the alkyl chain length to three carbons did not
affect binding affinity (N40 and N48). Importantly, among the compounds examined, the
pure S-enantiomer N52 exhibited the highest binding affinity with a Kp of 60 nM,
approximately 4-fold better than that of the ~-enantiomer N51.

We noted that the N9-based compounds (with a pyridine-7-carboxylate moiety) are
intrinsically fluorescent which interferes with the fluorescence signal detected in the
formaldehyde dehydrogenase (FDH)-coupled demethylase assay. We thus employed an
AlphaLISA method to assess potency of these compounds on enzyme inhibition. This assay
utilizes an antibody against methylated H3K4me3 to measure the conversion
(disappearance) of trimethylated lysine 4 of histone H3 peptide substrate (biotinylated
H3(1-21)K4me3) and a commercially available recombinant human KDM5A large
fragment (residues 1-1090) with a C-terminal FLAG-tag (BPS Bioscience). The inhibitory
activities in this assay (ICsg values) correlated reasonably well with the relative binding
affinities for the KDMS5A linked Jumonji domain construct, as revealed by the pairwise
comparisons between N9 and N40, N41 and N42, N46 and N47, and N54 and N55 (Figure
1D). However, there are some significant differences between the two assays. For example,
the ~4-fold difference in dissociation constants between the two enantiomers N51 and N52
was not reflected in the enzyme inhibitory assays, where the two enantiomers displayed
similar 1Csq values (Figure 1D). The similar Kp values observed among N40 (Kp = 0.18
4M), N51 (0.22), N41 (0.21), N46 (0.15), and N48 (0.25) corresponded well with the nearly
equivalent 1Csq values with the exception of N41, which demonstrated reduced inhibitory
activity (by approximately 6-to 15-fold) compared to other compounds: N40 (ICsg = 0.69
4M), N51 (0.67), N41 (4.5), N46 (0.29), and N48 (0.43). The inconsistency between the
binding affinity and inhibitory constants might be due to the different KDM5A constructs
used in the respective assays. The deleted internal domains (ARID, PHD1, and C-terminal
Zn helical domain) might contribute to the interaction with the inhibitors in the active site
that were not observed in the binding assays, although alternative explanations exist (see
Discussion). In addition, potent compounds (with 1Csq values of <1 4M) against KDM5A
exhibited significant selectivity against the KDM4A catalytic domain by a factor of 20-50
(Figure S3B), whereas compound N42, with the least inhibition against KDM5A (ICsq = 22
4M), demonstrated no selectivity between the two enzymes. We note that more
comprehensive selectivity screening against other histone demethylases (and the larger
family of dioxygenases) will be performed in the near future.
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Structures of KDM5A Linked Jumonji Domain in Complex with Nine Inhibitors Containing
Pyridine-carboxylate Scaffold.

We determined the structures of nine different inhibitors in ternary complex with
KDM5A(1-588)AAP and Mn(l1) (instead of Fe(ll)) to the resolution range of 1.22-1.99 A
(Figure 1E and Table S1). Compounds were soaked into preformed crystals of KDM5A
complexed with aKG and thus had to displace bound aKG to be visible in the active site.
The inhibitor-bound KDM5A Jumonji domains are similar in overall structure to the aKG-
bound form; for example, there was a root-mean-squared deviation of 0.2 A across 289 pairs
of Ca atoms between the N46-bound structure of KDM5A (at the highest resolution of 1.22
A) and that of aKG-bound at 1.39 A resolution (PDB code 5IVB). Like other structurally
characterized aKG-dependent dioxygenases,®® the metal ion was bound by six ligands in an
octahedral coordination. The side chains of His483, Glu485, and His571 occupy three of the
coordination sites (Figure 2A), while the pyridine ring nitrogen atom and two water
molecules provide the other three ligands (Figure 2A).

The pyridinecarboxylic acid portion of N46 occupies the aKG binding site (Figure 2B),
with the carboxylate group forming an extensive H-bond network with Lys501, Tyr409, and
water-mediated interactions similar to those normally engaged by aKG.38 The carboxylic
acids of the other eight pyridine-based compounds (N9, N40, N51, N52, N41, N42, N47,
and N48) exhibited nearly identical interactions with the protein residues (Tyr409, Asn575,
Lys501, Asn493, and Ser491) involved in direct and indirect contacts (Figure 3A-I). This
finding underscores the critical nature of these interactions for defining the binding mode for
this class of inhibitors and clearly illustrates why any modification of the carboxylic acid
reduces inhibitory potency significantly, as was observed previously when comparing the
structures of the catalytic domain bound by cofactor aKG or inhibitors containing an
isonicotinic acid moiety.38 In addition to these polar interactions with Lys501 and Tyr409,
the aromatic pyridine ring is engaged extensively in face-to-face s interactions with
Tyrd72, Phe480 and an edge-to-edge interaction with Trp503 (Figure 2C).

Moving away from the aKG binding region (occupied by the pyridinecarboxylic acid), the
2-chlorophenyl in compound N9 (in R conformation) points to an open solvent channel with
the phenyl ring apparently not well-ordered (as indicated by the poor electron density).
Meanwhile the propoxyl group forms van der Waals contacts (interatomic distance varying
between 3.4 and 3.8 A) with the guanidine group of Arg73, Tyr409, and Ala411 (Figure
3A). This binding site appears relatively tight, suggesting that additional substitutions on the
propoxyl would not be tolerated, and explains why the remaining eight pyridine-based
analogs, all of which have a larger alkoxyether extension, adopt a different orientation in this
binding site. For these compounds, we observe that these two substituents on the chiral
carbon (the 2-chlorophenyl and the alkoxyether extension) have switched positions (Figure
3B-J).

Knowing that compound N40 is a racemic mixture, we modeled the 2-chlorophenyl into the
electron density in two conformations (Figure 3B). With the structures of purified
enantiomers N51 and N52, the electron density is well-defined, allowing us to
unambiguously position the chlorine atom of the chloropheny! ring pointing either to solvent
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(N51) or into the protein (N52) (Figure 3C,D). The chlorine atom makes extensive van der
Waals contacts with Ala411, Tyr409, and Tyr472 (Figure 2D). These Cl interactions with the
protein presumably contribute to the 4-fold stronger binding by N52 (Figure 1D).
Superimposition of the three structures (N40, N51, and N52) shows the density for N40 is
consistent with being a mixture of the two enantiomers (Figure 4A). And the dissociation
constant of N40 is between that measured for each of the individual enantiomers (Figure
1C). For the other five racemic mixtures of chlorophenyl-containing compounds (N41, N42,
N46, N47, and N48), the electron density mapped well with the (S)-N52-like conformation
with the chlorine atom interacting with Ala411 (Figure 3F-1J), suggesting the preferential
binding of this enantiomer to the protein.

Furthermore, we observed two different side-chain conformations of Asp412, as well as a
shift of ~2 A in the main-chain Ca atom when comparing the N46-bound structure with that
of N47 (Figure 3L). In the pyrrolidine-containing N46 structure, Asp412 bridges between
Arg73 and Tyrd72, whereas in the imidazole-containing N47 structure, this Asp412-Tyr472
interaction breaks down. These observations may explain the different Kp values measured
for N46 and N47 (Figure 1C).

In summary, each of the three substitutions on the chiral carbon has a different impact on the
interactions with KDM5A; the planar ring of 1 H-pyrrolopyridine-7-carboxylic acid occupies
the highly conserved, aKG-binding region of the catalytic site, linking metal binding to the
Lys501-Asn575-Tyr409 network. These interactions are essential for the potency of the
inhibitors and are likely the primary determinants that anchor the compound’s orientation.
The 2-chlorophenyl moiety, particularly the chlorine atom, makes extensive van der Waals
contacts with Ala411, Tyr409, and Tyr472. Finally, the alkoxyether extension allows a
variety of different interactions specific for each inhibitor, with Asp412 being a particularly
interesting site.

Structures of Chiral Pair (R)-N51 and (S)-N52.

We overlaid the two structures of N51 and N52 in the KDM5A binding pocket (Figure 4A).
While the 2-chlorophenyl moiety and ethoxypiperidine branch are nonsuperimposable, the
1H-pyrrolopyridine-7-carboxylate moiety is. We find that, besides the 1+-pyrrolopyridine-7-
carboxylate moiety, the other two components of the enantiomers have different interactions
with KDM5A. As noted above, there are extensive hydrophobic interactions with the
chlorine atom in N52 and that are absent in N51 (Figure 3C,D). In addition, the nitrogen
atom of the piperidine ring in N51 is within H-bond distance to the hydroxyl oxygen atom of
Tyrd72 (Figure 4B). In contrast, the corresponding nitrogen atom in N52 interacts with one
of the carboxylate oxygen atoms of Asp412 (Figure 4C). The six-membered piperidine ring
in N52 could carry a formal charge if the ring nitrogen is protonated such that the close
contact with the negatively charged Asp412 may enhance the binding affinity of N52 with
KDMS5A (Figure 4C). These differences in the protein—ligand interaction are likely
responsible for the ~4-fold difference in binding affinity between N51 and N52.
Interestingly, we observed a conformational change of Asp412 (involving both main-chain
and side-chain atoms) upon binding of N51 versus N52 (Figure 4D), which is analogous to
the difference observed between compounds N47 and N46 (Figure 3L). In both cases,
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interaction with Asp412 (Asp412-N52 or Asp412-N46) seems to correlate with stronger
binding affinity (lower Kp values).

The Methyl Ester Derivatives of Pyridinecarboxylic Acid Are Cell Inactive.

Some previously identified KDM inhibitors, including GSK -J1°1 and K DM 5-C49 (patent
W02014053491), are acidic, displayed a competitive mechanism of inhibition relative to
cofactor aKG in vitro, and are cell impermeable.38:39 Here we observe a similar binding
mode for the compounds containing the 1A-pyrrolopyridine-7-carboxylic acid, wherein the
distal carboxylic acid displays strong ionic and hydrogen bonding interactions with Lys501
and Tyr409 in the active site (Figure 2B). In the cases of GSK-J1 and KDM 5-C49, the
respective ethyl ester derivatives, GSK-J4 and KDM 5-C70, were designed as cell-
permeable prodrugs that are hydrolyzed by unknown esterase(s) within the cell to generate
active GSK-J1 and KDM 5-C49, respectively. By analogy, we generated methyl ester
derivatives of N40, N41, and N46 to test their activity in cells. However, exposure of BT474
breast cancer cells to any of these at concentrations up to 38 £M had no impact on cellular
H3K4me3 methylation levels, whereas KDM5-C70 did (Figure S4). The lack of cellular
activity is probably a result of the combination of potentially reduced cellular penetration
and less efficient hydrolysis of these methyl ester derivatives in the cell.

Enantiomers (R)-N54 and (S)-N55 Adopt Similar Binding Modes.

Compounds N54 and N55 represent a second pair of chiral KDMD5 inhibitors based on a
completely different molecular scaffold. The compounds are notable for being uncharged,
without a carboxylate group (patent WO2016057924).52 The chiral center at the C3-position
on the pyrrolidine ring is connected to the nitrogen of a cyclopropylamide (C3-N bond in
Figure 5A). ITC data showed that the dissociation constant (Kp) for binding to KDM5A is
more than 5-fold lower for N54 than N55 (Figures 1D and S2). The difference in binding
affinity between the two enantiomers correlated well with the relative inhibitory activity
(ICsq values), and the potency of inhibition was dependent on aKG concentration (Figures
5B and S5A), suggesting that the inhibitors compete with aKG for binding. We note that the
approximately 5- to 7-fold difference in ICgq values between N54 and N55 against KDM5A
from two different sources, i.e., our purified KDM5A(1—739)AAP and the commercially
available KDM5A(1—1090)-Flag, was similar and independent of the method used to
determine inhibitory activity (FDH-coupled and AlphaLISA) (Figures 1D and 5B).

We determined structures of N54- and N55-bound KDM5A, at resolutions of 1.45 and 1.70
A, respectively (Table S1). The unambiguous electron density helped define the absolute
stereochemistry of the two enantiomers. Both compounds occupy the aKG-binding site as
expected and provide two ligands to the metal via a pyrazole ring nitrogen and an adjacent
amide carbonyl oxygen atom (Figures 5C,D and S5B,C). The second pyrazole ring nitrogen
(NH group) forms a H-bond with Glu485 (one of the three protein metal ligands). Like a
peptide bond, the partial double bond character makes the amide carbonyl and pyrazole ring
coplanar. The terminal isopropyl groups form van der Waals interactions with side chains of
Trp470 and Asn585 and main-chain carbon of Val584 (Figures 5E and S5D). On the other
end of the molecule, the carbonyl oxygen of the cyclopropylcarboxamide forms a H-bond
network with Lys501 and Asn575 (Figures 5D and S5C). The cyclopropyl group forms a
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stacking interaction with Tyr409. Again, the six atoms associated with the peptide-like bond
(amide nitrogen —NH and carbonyl oxygen —C=0) are planar. The central, five-membered
pyrrolidine ring containing the chiral center at C3 is surrounded by aromatic residues
forming a three-sided cage, with Phe480 on the ceiling, Tyr472 on the floor, and Trp503 on
the back wall (Figures 5C and S5B).

Superimposition of the bound conformations of the two enantiomers revealed that the
pyrrolidine ring rotates so that the chiral carbon C3 of the second enantiomer now occupies
the position of ring carbon C4 in the structure of the first enantiomer (Figure 5F). During the
course of our study, Liang et al.>2 published a structure of (R)-N54 bound with KDM5A (12—
800) (PDB code 5V9T), in which the entire N-terminal half of KDM5A was used for
cocrystallization (Figure S6A). Superimposition of the two (/)-N54-bound KDM5A
structures demonstrates that positioning of (/)-N54 is nearly identically in the two
structures, being unaffected by the absence or presence of the internal ARID-PHD1 (PHD1
is disordered in the structure) or the helical Zn-domain (Figure S6B,C); no additional
interactions with residues outside of the linked JmjN-JmjC domain were observed.

Two key interacting aromatic residues (Tyr409 and Trp780) were found to undergo
substantial inhibitor-induced conformational changes. In the 1A-pyrrolopyridine-7-
carboxylate based inhibitors, the side chain Asn575 bridges between Lys501 and Tyr409, the
latter forming a hydrogen bond with the inhibitor carboxylate (Figure 3A-I). By contrast, in
the N54 complex, the side chain of Tyr409 is pushed away by the cyclopropyl group,
rotating nearly 90° as compared to its position in the N52-bound structure (Figure 5G), and
forms a van der Waals contact with the cyclopropyl group (Figure 5D). Similarly, the indole
ring of Trp780 rotates approximately 90° from the piperidine-interacting conformation
(N52) to adopt an orientation that enables interaction with the isopropyl group (N54) (Figure
5H). In both cases, the alternative positioning involves the r-stacking forces, which could be
exploited to design inhibitor specific interactions.

A highly ordered glycerol molecule, used as a cryoprotectant during crystal freezing, is
observed near the inhibitor in both the N54 and N55 structures (Figure 51). The glycerol
molecule forms a direct H-bond interaction with the amide nitrogen that is bound to the
chiral C3 carbon and side chain of Asp412, as well as an indirect interaction with Arg73 and
a network of water-mediated interactions with Tyr409 (Figure 51). Design of new inhibitors
that expand to occupy this solvent-filled space, and pick up increased protein—ligand
interactions, is an avenue for potentially increasing the potency of KDMS5 inhibitors (Figure
5J). Indeed, the most potent 1+-pyrrolopyridine-7-carboxylate based compound N52
occupies a greater volume (Figure 5K) and exhibited stronger binding than N54 by a factor
of 40 (Figure 1D). Superimposition of N52-bound and N54-bound structures revealed that
compound N52 occupies one-third larger volume in the active site (390 A3) than that of N54
(290 A3).

Cellular Effect of Compounds (R)-N54 and (S)-N55.

We next examined whether the difference in biochemical activities of enantiomers N54 and
N55 is also reflected in a cellular setting. We treated several cell lines representing different
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subtypes of breast cancer, including BT474 and SKBR3 (HER2+), MCF7 (ER+), MDA.-
MB231 (triple negative for ER, PR, and HER2) cells with N54 and N55 at concentrations
ranging from 0.1 to 10 xM. Global levels of trimethylated lysine 4 of histone H3
(H3K4me3), the KDMD5 substrate, were elevated to varying degrees across the cell lines in
response to both N54 and N55, with N54 being ~10-fold more potent than N55 at driving
similar levels of H3K4me3 accumulation (Figure 6A,B). Consistent with the idea that N54
and N55 are specific for KDM5,52 N54 or N55 treatment showed minimal effects on other
histone methylation marks, including H3K9me3 (substrates for the KDM4 family) and
H3K27me3 (substrate for the KDM6 family) (Figure 6A,B). To further compare the effects
of N54 and N55 on the growth of breast cancer cells, we performed colony formation assays
using MCF7 cells. Consistent with our previous studies,3® K DM5-C70 at 1 M significantly
inhibited the growth of MCF7 cells (Figure 6C,D). N54 at 10 /M showed similar growth
inhibitory activity to 1 M KDM5-C70, whereas N55 was ineffective even at 10 4M,
consistent with a relative difference in potency between N54 and N55 in inducing global
H4K4me3 levels.

The impact of KDMS5 inhibitors on breast cancer cell proliferation was further assessed by
live-cell imaging in the presence of 0.1-50 1M compound. Both N54 and N55 inhibited
BT474 growth but had no effect on MCF7, SKBR3, or MDA-MB231 (Figure 7A-D).
Notably, the growth rates for the four lines were variable, with doubling times ranging from
32 h (MDA-MB231) to 149 h (BT474). Interestingly, N54/N55 showed the greatest effects
on the growth of BT474 cells with N54 being somewhat (~2-fold) more potent than N55
Figure 7E,F). Consistent with our previous studies,3® the ability of a KDM5 inhibitor to
affect global H3K4me3 levels correlated poorly with its growth inhibitory activity; treatment
with both N54, and to a lesser degree N55, resulted in an increase in H3K4me3 levels in all
cell lines while the impact on growth varied considerably. The discordance in MCF7 growth
inhibitory response as measured in bulk cultures over 4 days (Figure 7) versus in colony
formation assays (Figure 6) may arise from the latter being a more sensitive measure of
inhibition, requiring that cells survive plating at low density and then proliferate from a
single cell over 12 days (Figure 6C). Taken together, these data are consistent with the in
vitro biochemical data showing that (~)-N54 is the more potent than its enantiomer (S)-N55
in cells and further underscore the necessity for both biochemical and cell-based assays in
the development of KDMS5 inhibitors.

DISCUSSION

KDMS5 family enzymes (particularly KDM5A and KDM5B) have been studied in several
types of cancer and cancer-related processes including cell proliferation, drug resistance, and
metastasis.1 11253 Knockout of KDMS5A significantly prolonged survival in genetically
engineered mouse tumor models.22:23 These studies set the foundation that KDM5A
inhibition could be exploited for cancer treatment. Our extensive efforts to characterize the
molecular interactions of KDM5A with structurally diverse inhibitors provide important
insights into structure—activity relationships for KDM5 inhibitors38:49 (this study).

Here we present two pairs of enantiomers representing two distinct inhibitor chemotypes,
compounds N51 and N52 [(A)-and (S)-2-((2-chlorophenyl)(2-(piperidin-1-yl)ethoxy)-
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methyl)-1H-pyrrolo[3,2-b]pyridine-7-carboxylic acid] and compounds N54 and N55 [(R)-
and (S)-N-(1-(3-isopropyl-1H-pyrazole-5-carbonyl)pyrrolidin-3-
yl)cyclopropanecarboxamide]. In vitro, the Senantiomer of N51/N52 and the Risoform of
N54/N55 exhibited more potent binding by approximately a factor of 4-5. As noted above,
there was a discrepancy for compounds N51 and N52 between the binding affinity Kp
values measured by using the linked JmjN-JmjC domain of KDM5A(1-588)AAP wherein
there was a ~4-fold difference in the binding affinities (Figure 1C), yet the enzyme
inhibitory activities (ICsq values) measured using the commercially available KDM5A(1-
1090)-Flag were comparable (Figure 1D). To further investigate, we examined the crystal
structures of a larger fragment of KDM5A(12-800) published by Vinogradova et al.36 and
Liang et al.>2 for additional interactions that might explain the observed difference. Like
(R)-N54 (Figure S6), two related compounds, CPI-455, in complex with KDM5A(12-800),
36 and N8, in complex with KDM5A(1-588)AAP,38 showed no additional interactions with
residues outside of the linked JmjN-JmjC domain (Figure S1E). Another explanation may be
variation between batches of commercial enzymes used in AlphaLISA, as we noted in our
previous study3® (comparing Flag-KDM5B-FL in Figures 2D and S4B in Horton et al.,
2016).

For the cell-permeable N54/N55 pair the differences observed in binding affinity and in vitro
enzyme inhibitory activity translated to a difference in cellular potency, with the /R-isoform
(N54) exhibiting a greater ability to inhibit KDM5, as indicated by the accumulation of
intracellular H3K4me3 levels, and a somewhat enhanced growth inhibitory activity relative
to the S-isoform (N55). Interestingly, while there was some concordance between the
relative ability of the two isoforms to influence intracellular H3K4me3 levels and to impact
cell growth within individual cell lines (e.g., N54 more potent than N55), there appeared to
be little relationship between treatment-induced H3K4me3 accumulation and growth
inhibitory effects of the two compounds across cell lines. Indeed, consistent with our
previous studies on K DM 5-C70,38 treatment with N54, or to a lesser extent N55, resulted in
the accumulation of H3K4me3 across all cell lines, an indication that it reaches its
intracellular target, but the dose-dependence of this effect had little relationship to growth
inhibitory activity. These data suggest that there are additional cellular factors beyond
H3K4me3 levels that contribute to differential effects of KDMD5 inhibition on cell growth.

While our study should aid in the successful design of selective and potent epigenetic
inhibitors of KDM5 demethylases in vitro (for example, (S)-N52 exhibited approximately 40
fold stronger binding than (/)-N54), a remaining challenge is to make these compounds cell
permeable. As mentioned above, KDM5-C70 was designed as a cell-permeable prodrug that
is hydrolyzed by intracellular esterase(s) to generate KDM 5-C49, which contains an
isonicotinic acid moiety with a carboxylic acid (PCT WO 2014053491).38:39 _jke (S)-N52
and the related compounds examined in this study, the terminal carboxylic acid group forms
an extensive hydrogen bonding network with Lys501, Tyr409, and Asn454, similar to those
normally engaged by aKG (Figure 8A—C). The hydroxyl of Tyr409 forms two hydrogen
bonds, accepting a proton from the amide group of Asn454 and donating a proton to the
carboxylate group of the inhibitor. The low permeability is likely to be due to the strong
acidic nature of the carboxylate moiety, or overall compound polarity, and certain
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modifications (for example, an ethyl ester derivative) were needed to improve cell
permeability of these compounds. Subsequently, several cell-permeable compounds were
discovered that lack a carboxylate moiety, including CPI-455,36 (/)-N54,52 and

K DOAM -2537 which simply replaces carboxylate of K DM 5-C49 with a carboxyamide
(Figure 8D-F). We also crystallized the KDM5A-linked Jumonji domain in complex with
KDOAM-25 (Table S1 and Figure 8E), which has a similar dissociation constant (Kp = 2.7
4M) and half maximal inhibitory concentration at 1 mM aKG (ICsg =18 M) as that of (R)-
N54 (Figure S7). The common feature of these neutral, carboxylate-absent compounds, like
(R)-N54, is that Tyr409 undergoes a series of conformational changes upon the binding of
inhibitor (Figure 8G,H). For the carboxylic acid containing inhibitors or aKG, the side chain
Asn575 bridges between Lys501 and Tyr409, which form hydrogen bonds with the
carboxylic group. By contrast, in the KDOAM -25 complex, the side chain of Tyr409 is
rotated away approximately 30° from that of the K DM 5-C49-bound form (Figure 8G). An
ordered water molecule occupies the position of the hydroxyl oxygen atom of Tyr409, thus
maintaining H-bond interaction between two amide groups of Asn575 and KDOAM-25,
both of which function as proton donors. In the CPI-455 and (~)-N54 bound conformation,
the side chain of Tyr409 is rotated nearly 90°, resulting in a van der Waals contact with the
isopropyl moiety (CPI-455) or the cyclopropyl group (N54), respectively. It seems that the
conformation of Tyr409 is the largest difference observed in KDM5A after binding of these
two inhibitor scaffolds, likely explained by the presence or absence of the carboxylate group,
and thus, a common feature among these three cell permeable compounds that lack a
carboxylate moiety. These results suggest that further development of KDMS5 inhibitors of
less acidity could benefit from taking advantage of the inhibitor-induced flexibility of
Tyr409. Furthermore, to make more cell penetrant compounds, one could potentially take
advantage of adding moieties such as a furyl ring or thienyl moiety.>*

CONCLUSIONS

Individual enantiomers of chiral drugs are known to exhibit marked differences in biological
activities. For example, the (/)- and (S)-enantiomers of 2HG are structurally similar to aKG
but demonstrate distinct differences in potency and inhibitory activity against various aKG-
dependent dioxygenase enzymes. Here we show that binding of N54/N55 induced
conformational changes in KDM5A, particularly Tyr409, which interacts with the acidic
carboxylate moiety of N51/N52, as well as the cofactor aKG. In addition, Asp412 makes
specific interactions with some inhibitors but not with others. These results provide insights
to guide improvements in binding potency and avenues for development of cell permeable
inhibitors of the KDMS5 family.

EXPERIMENTAL SECTION

Compound Synthesis.

Compounds were synthesized in the National Center for Advancing Translational Sciences
(Supporting Information Table S2). Purity determination was performed using an Agilent
diode array detector for both method 1 and method 2 (below). Mass determination was
performed using an Agilent 6130 mass spectrometer with electrospray ionization in the
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positive mode. Chiral separations were performed by normal phase chromatography using a
CHIRALPAKAD column (5 cm x 50 cm, 20 zm) on an Agilent 1200 HPLC. 1H NMR
spectra were recorded on Varian 400 MHz spectrometers. Chemical shifts are reported in
ppm with undeuterated solvent (DMSO-gj at 2.49 ppm) as internal standard for DMSO-gg
solutions. All of the analogs tested in the biological assays have purity greater than 95%,
based on both analytical methods. High resolution mass spectrometry was recorded on
Agilent 6210 time-of-flight LC/MS system. Confirmation of molecular formula was
accomplished using electrospray ionization in the positive mode with the Agilent
Masshunter software (version B.02).

A 7 min gradient of 4-100% acetonitrile (containing 0.025% trifluoroacetic acid) in water
(containing 0.05% trifluoroacetic acid) was used with an 8 min run time at a flow rate of 1
mL/min. A Phenomenex Luna C18 column (3 gm, 3 mm x 75 mm) was used at a
temperature of 50 °C.

A 3 min gradient of 4-100% acetonitrile (containing 0.025% trifluoroacetic acid) in water
(containing 0.05% trifluoroacetic acid) was used with a 4.5 min run time at a flow rate of 1
mL/min. A Phenomenex Gemini Phenyl column (3 gm, 3 mm x 100 mm) was used at a
temperature of 50 °C.

All air or moisture sensitive reactions were performed under positive pressure of nitrogen or
argon with oven-dried glassware. Anhydrous solvents and bases such as dichloromethane,
N,N-dimethylforamide (DMF), acetonitrile, ethanol, DMSO, dioxane, Hunig’s base, and
triethylamine were purchased from Sigma-Aldrich. Palladium catalysts were purchased from
Strem chemicals and used as such. SiliaCat heterogeneous catalyst DPP-Pd (catalog no.
R390-100) was purchased from SiliCycle Inc. Preparative purification was performed on a
Waters semipreparative HPLC system using a Phenomenex Luna C18 column (5 ym, 30 mm
x 75 mm) at a flow rate of 45 mL/min. The mobile phase consisted of acetonitrile and water
(each containing 0.1% trifluoroacetic acid). A gradient of 10-50% acetonitrile over 8 min
was used during the purification. Fraction collection was triggered by UV detection (220
nm). Analytical analysis was performed on an Agilent LC/MS (Agilent Technologies, Santa
Clara, CA). General procedure for the syntheses of analogs is shown below:
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Synthesis of 1-(2-Chlorophenyl)-3-(trimethylsilyl)prop-2-yn-1-ol.

To a solution of trimethylsilylacetylene (13.07 mL, 92 mmol, 1.3 equiv) in THF (50 mL)
was added 2.5 M solution of n-butyllithium in THF (37.0 mL, 92 mmol, 1.3 equiv) dropwise
upon cooling in an ice bath at -5 °C. The reaction was stirred for 1 h at 0 °C, and then 2-
chlorobenzaldehyde (8.01 mL, 71.1 mmol, 1 equiv) was added in dropwise manner upon
cooling in ice bath. After stirring the reaction for 1 h at room temperature, it was quenched
with ammonium chloride upon cooling. The reaction was concentrated and extracted with
diethyl ether. The organic layer was subsequently washed with water and brine, dried over
sodium sulfate. The crude product after evaporating the ether was purified on a Isco normal
phase flash system using a 120 g gold column eluting with 0-30% ethyl acetate in hexanes
over 20 column volumes to obtain 16.9 g (99% yield) of colorless oil.

Synthesis of 2-((1-(2-Chlorophenyl)prop-2-yn-1-yl)oxy)-tetrahydro-2H-pyran.

To a mixture of 1-(2-chlorophenyl)-3-(trimethylsilyl)prop-2-yn-1-ol (17 g, 71.2 mmol, 1
equiv) and dihydropyran (8.12 mL, 89 mmol, 1.25 equiv) in DCM (150 mL) was added p-
toluenesulfonic acid monohydrate (0.677 g, 3.56 mmol, 5 mol %) upon cooling in an ice
bath. After stirring the reaction for 2 h at room temperature, the reaction mixture was diluted
with DCM and subsequently washed with saturated bicarbonate, water, and brine. The
organic layer was dried over sodium sulfate and concentrated to obtain crude product which
was taken in 100 mL of methanol and then treated with K,CO3 (9.84 g, 71.2 mmol, 1 equiv).
After stirring for 1 h at room temperature excess methanol was removed. The residue
obtained was suspended in DCM and filtered through a pad of silica. The filtrate was
concentrated and the crude product was purified on an Isco normal phase flash system (an
automated chromatography instrument) using a 330 g silica column eluting with 0-20%
ethyl acetate in hexanes over 16 column volumes to obtain 14 g (78% yield) of oil.
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Synthesis of Methyl 3-Amino-2-(3-(2-chlorophenyl)-3-((tetrahydro-2H-pyran-2-yl)oxy)prop-1-

yn-1-yl)isonicotinate.
A mixture of methyl 3-amino-2-chloroisonicotinate (1.202 g, 6.44 mmol, 1 equiv), K,CO3
(2.226 g, 16.11 mmol, 2.5 equiv), XPhosPd(crotyl)CI (http://jmcct.com/products-services/
product_p578.html, catalog no. Pd-170) (0.217 g, 0.322 mmol, 5 mol %), and methyl 3-
amino-2-(3-(2-chlorophenyl)-3-((tetrahydro-2 H-pyran-2-yl)oxy)prop-1-yn-1-yl)isonicotinate
(2.21 g, 5.51 mmol, 1.3 equiv) in acetonitrile (12 mL) was bubbled with argon for 5 min and
then capped and stirred at 75 °C overnight. The reaction was stirred with silica thiol for 15
min and then diluted with ethyl acetate and filtered through a pad of silica. The crude
product obtained after removing the solvent was purified on an Isco flash system using a 120
g gold column eluting with 0-40% ethyl acetate (contains 0.1% TEA) in hexanes over 25
column volumes to obtain a yellow solid in 86% yield (2.21 g).

Synthesis of Methyl 2-((2-chlorophenyl)(hydroxy)methyl)-1H-pyrrolo[3,2-b]pyridine-7-
carboxylate (U.S. Patent 9,738,637; Example 71).

A solution of methyl 3-amino-2-(3-(2-chlorophenyl)-3-((tetrahydro-2 H-pyran-2-
yl)oxy)prop-1-yn-1-yl)-isonicotinate (5 g, 12.47 mmol, 1 equiv) in DMF (12 mL) was
bubbled with argon 15 min, then copper(l) iodide (0.475 g, 2.495 mmol, 0.2 equiv) was
added and the mixture bubbled again for 15 min. The reaction was capped and stirred at
110 °C for 7 h. The reaction was cooled and stirred with thiol resin and again stirred for 1 h
at room temperature. The reaction mixture was diluted with ethyl acetate and filtered
through a pad of silica. Further, the filtrate was subsequently washed with water, brine and
dried over MgSQy. The crude product obtained after evaporating the solvent was purified on
an Isco flash system using a 120 g silica column eluting with 10-60% ethyl acetate in
hexanes over 25 column volumes to obtain pure product 72% yield (3.6 g). A mixture of the
pure methyl 2-((2-chlorophenyl)((tetrahydro-2 H-pyran-2-yl)oxy)methyl)-1 H-pyrrolo-[3,2-
blpyridine-7-carboxylate (0.7 g, 1.746 mmol, 1 equiv) and p-toluenesulfonic acid
monohydrate (0.332 g, 1.746 mmol, 5 mol %, 1 equiv) in methanol (25 mL) was stirred at
65 °C until the starting material completely disappeared. The solvent was removed and the
crude product was washed with water and dried to get pure solid product.

General Procedure for the Syntheses of Analogs.

A mixture of chlorophenyl)(hydroxy)methyl)-1AH-pyrrolo[3,2- 5]pyridine-7-carboxylate (0.1
g, 0.316 mmol, 1 equiv), p-toluenesulfonic acid monohydrate (0.180 g, 0.947 mmol, 3
equiv), and appropriate alcohol (1.5-2 equiv) in an open vial was stirred neat at 130-135 °C
for 1 h. The product formed was a mixture of acid, ester, and trans ester. The crude reaction
mass was taken in water and directly injected to an Isco reverse phase column to purify on a
flash system. Eluting the column with a gradient of acetonitrile in water (0.1% TFA) over 16
column volumes provided fractions containing a mixture of all three products. The residue
obtained after removing the solvent was treated with 1.5 M LiOH in THF/MeOH/water. The
solvent was removed and the residue was taken in DMSO and purified on a preparative
HPLC to obtain pure products.
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2-((2-Chlorophenyl)(propoxy)methyl)-1H-pyrrolo[3,2-b]-pyridine-7-carboxylic Acid (N9).

LC-MS retention time: 4 = 4.822 min and % = 3.185 min. NMR data were consistent with
previously reported data for this compound in patent W02014164708 A1 (PCT/
US2014/023273; Histone demethylase inhibitors; Quanticel Pharmaceuticals, Inc.).

2-((2-Chlorophenyl)(2-(piperidin-1-yl)ethoxy)methyl)-1H-pyrrolo[3,2-b]pyridine-7-carboxylic
Acid-TFA (N40).

LC-MS retention time: # = 3.049 min and & = 2.448 min. 1H NMR (400 MHz, DMSO-a)
611.52 (s, 1H), 9.07 (s, 1H), 8.53-8.44 (m, 1H), 7.67-7.47 (m, 3H), 7.49-7.27 (m, 3H),
6.46 (s, 1H), 6.22 (s, 1H), 3.92-3.35 (m, 6H), 2.92 (q, /=11.2 Hz, 2H), 1.78 (d, J= 14.2 Hz,
2H), 1.66 (d, J= 12.8 Hz, 4H); HRMS (ESI) m/z (M + H)* calculated for CooH5CIN3Og;
414.1579 found 414.1587.

2-((2-Chlorophenyl)(2-(4,4-difluoropiperidin-1-yl)ethoxy)-methyl)-1H-pyrrolo[3,2-
b]pyridine-7-carboxylic Acid (N41).

LC-MS retention time: # = 3.069 min and & = 2.421 min. 1H NMR (400 MHz, DMSO-a)
511.49 (s, 1H), 9.75 (s, 1H), 8.47 (d, J= 4.8 Hz, 1H), 7.59 (dd, /= 4.9, 1.3 Hz, 1H), 7.54
(m, 2H), 7.50-7.42 (m, 2H), 6.28 (s, 1H), 6.24 (s, 1H), 3.93 (m, 1H), 3.83 (m, 1H), 3.72-
3.24 (m, 4H), 2.77-2.63 (m, 1H), 2.56-2.48 (m, 1H), 2.42-2.18 (m, 4H). HRMS (ESI) m/z
(M + H)* calculated for Cy,H,3CIF,N303; 450.1391 found 450.1393.

2-((2-Chlorophenyl)((4,4-difluorocyclohexyl)methoxy)-methyl)-1H-pyrrolo[3,2-b]pyridine-7-
carboxylic Acid (N42).

LC-MS retention time: # = 4.742 min and & = 3.148 min. 1H NMR (400 MHz, DMSO-a)
511.89 (s, 1H), 8.57 (d, J=5.3 Hz, 1H), 7.72 (d, /= 5.3 Hz, 1H), 7.51 (tt, /= 4.3, 2.7 Hz,
1H), 7.41 (g, /= 3.0 Hz, 3H), 6.38 (d, /= 1.9 Hz, 1H), 6.16 (s, 1H), 3.53 (dd, /= 8.8, 5.9
Hz, 1H), 3.41 (dd, J= 8.8, 6.2 Hz, 1H), 2.05-1.92 (m, 2H), 1.79 (tdd, /= 17.3, 12.8, 6.5 Hz,
5H), 1.24 (t, J=10.5 Hz, 2H); HRMS (ESI) m/z (M + H)* calculated for C5,H,CIF,N5O3;
435.1282 found 435.1273.

2-((2-Chlorophenyl)(2-(1-methylpyrrolidin-2-yl)ethoxy)-methyl)-1H-pyrrolo[3,2-b]pyridine-7-
carboxylic Acid (N46).

LC-MS retention time: # = 2.935 min and & = 2.468 min. 1H NMR (400 MHz, DMSO-d)
611.11 (s, 1H), 8.31 (dd, /=4.8, 3.5 Hz, 1H), 7.58 (dd, J= 7.5, 1.9 Hz, 1H), 7.53-7.32 (m,
4H), 6.17 (s, 1H), 6.11 (d, /= 4.1 Hz, 1H), 3.86-3.33 (m, 4H), 2.60-2.56 (m, 3H), 2.25-1.53
(m, 4H); HRMS (ESI) m/z (M + H)* calculated for C5,H,5CIN3O3; 414.1579 found
414.1570.

2-((2-Chlorophenyl)(2-(1-methyl-1H-imidazol-2-yl)ethoxy)-methyl)-1H-pyrrolo[3,2-
b]pyridine-7-carboxylic Acid (N47).

LC-MS retention time: # = 2.807 min and & = 2.338 min. 1H NMR (400 MHz, DMSO-d)
611.70 (s, 1H), 8.41 (d, J= 4.9 Hz, 1H), 7.55-7.46 (m, 2H), 7.46-7.35 (m, 4H), 7.05 (d, /=
1.3 Hz, 1H), 6.86 (d, /= 1.3 Hz, 1H), 6.17 (s, 1H), 6.11 (d, /= 0.6 Hz, 1H), 3.85 (ddt, J=
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32.8,9.2, 6.6 Hz, 2H), 3.55 (s, 3H), 3.01 (td, /= 6.7, 2.1 Hz, 2H); HRMS (ESI) m/z (M + H)
* calculated for Co1H»gCIN4O3; 411.1218 found 411.1218.

2-((2-Chlorophenyl)(3-(piperidin-1-yl)propoxy)methyl)-1H-pyrrolo[3,2-b]pyridine-7-
carboxylic Acid (N48).
LC-MS retention time: # = 3.009 min and & = 2.351 min. 1H NMR (400 MHz, DMSO-d)
611.95 (s, 1H), 8.28 (d, J= 4.8 Hz, 1H), 7.59-7.52 (m, 1H), 7.49 (d, J= 4.7 Hz, 1H), 7.45-
7.36 (m, 1H), 7.40-7.30 (m, 2H), 5.85 (s, 1H), 5.75 (d, J= 9.2 Hz, 1H), 3.87-3.41 (m, 4H),
3.3-3.13 (m, 4H), 2.15-1.31 (m, 8H); HRMS (ESI) /m/z (M + H)* calculated for
Cy3H27CIN303; 428.1735 found 428.1741.

(R)- and (S)-2-((2-Chlorophenyl)(2-(piperidin-1-yl)ethoxy)-methyl)-1H-pyrrolo[3,2-

b]pyridine-7-carboxylic Acid (N51 and N52).
Racemic mixture of ester precursor was separated by normal phase chromatography using a
CHIRALPAKAD column (5 cm x 50 cm, 20 4m) on an Agilent 1200 HPLC with a hexane/
isopropanol/diethylamine (85:15:0.1) isocratic mobile phase eluting at 35 mL/min and
detecting at 230 nm. Separation of 70 mg of the racemic mixture provided 20 mg of
enantiomer 1 (with negative rotation), with enantiomeric excess greater than 98%, and 20
mg of enantiomer 2 (with positive rotation) with enantiomeric excess 95.9%. Absolute
configuration was determined by cocrystallization with KDM5A enzyme.

(R)- and (S)-N-(1-(3-Isopropyl-1H-pyrazole-5-carbonyl)-pyrrolidin-3-

yl)cyclopropanecarboxamide (N54 and N55).
LC-MS retention time: # = 3.530 min and & = 2.590 min. The title compounds were
prepared as individual enantiomers from enantiopure starting materials according to
previously reported protocol, and NMR data were consistent with previously reported data
for this compound in patent W0O2016057924 Al (PCT/US2015/ 054949; Pyrrolidine amide
compounds as histone demethylase inhibitors; Genetech, Inc., Constellation
Pharmaceuticals, Inc.). Absolute configuration was determined by cocrystallization with
KDMS5A enzyme.

Crystallography.
The N-terminal fragments of human KDM5A and the internal deletion constructs (deleting
ARID and PhD1 domains (AAP)) were prepared in a pET28 plasmid containing an N-
terminal His-SUMO tag sequence and purified by three-column chromatography utilizing
affinity, anion exchange, and sizing exclusion as previously described in detail.*° The
KDMB5A(1-588)AAP, in 20 mM Hepes, pH 8.0, 300 mM NacCl, 5% glycerol, 0.5 mM tris(2-
carboxyethyl)phosphine (TCEP), was mixed with MnCl, and aKG at an approximate molar
ratio of 1:5 and concentrated to ~50 mg/mL (~ 1.4 mM) and then diluted to ~ 10 mg/mL
(280 M) for cocrystallization. Experiments utilized the sitting drop technique and were
conducted at 16 °C by mixing 0.2 gL of the complex with an equal volume of a well
solution. Typically, clusters of physically twinned crystals grew with aKG with a well
solution containing 1.5 M ammonium sulfate, 12% glycerol, and 0.1 M Tris-HCI (pH 8.5).
However, these crystals could be crushed to produce microseeds and utilized to produce
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some large and single crystals from a 96-well screen containing 1.2-1.35 M (NH4)2SOy4, 0.1
M Tris-HCI (pH 8.6-9.2), 0-20% glycerol, and 25 mM (Na/K) dibasic/monaobasic
phosphate. Inhibitors are soaked into these preformed crystals of KDM5A-aKG-Mn(l1)
complexes by transferring a crystal into a new drop containing mother liquor and an
inhibitor (~500 M), allowing the crystal to remain in this drop for a few hours to 1 day for
the inhibitor to exchange with aKG. These were then mounted into nylon cryoloops
(Hampton Research, Inc.) and frozen in liquid nitrogen after the addition of more glycerol
(up to ~30% total) to the mother liquor as a cryoprotectant. X-ray diffraction data were
collected on either the SER-CAT beamline 22-1D or 22-BM at the Advanced Photon Source
at Argonne National Laboratory at 100 K with 1° oscillation images and were processed and
merged with HKL2000%° (Table S1). The structures were determined by molecular
replacement using our initial KDM5A structure (PDB code 5E6H). Repeated rounds of
manual refitting and crystallographic refinement were performed using COOT®>6:57 and
PHENIX.58:59

Isothermal Titration Calorimetry (ITC).

ITC experiments were carried out as described.38 Briefly, enzyme was dialyzed extensively
against 20 mM HEPES, pH 8.0, 300 mM NaCl, 5% glycerol, 0.5 mM tris(2-
carboxyethyl)phosphine) supplemented with 500 ¢zM MnCl, and 10% (v/v) DMSO, and the
dialysate was used to prepare fresh working solutions of various inhibitors. The manganese
ion was utilized instead of iron since it would not oxidize during the time frame of these
experiments. Titration was carried out at 0.42-1.1 mM compound [I] concentration and
enzyme [E] concentration of 25-80 M. Compounds were injected into protein or buffer (to
measure the heat of dilution) in 25 steps of 4 4L volume using a MicroCal Auto-iTCyq.
Binding affinity (Kp), stoichiometry (M), and binding enthalpy (A+) were determined by
fitting the data using the ITC data analysis module of Origin version 7.0 (OriginLab Corp.).

For each ITC experiment, we performed a test run to figure out the optimal enzyme and
inhibitor concentrations to be used and range of titrations. Each curve is fitted for 20 data
points. Due to the small differences in the Kp values of very similar chemical compounds,
the data presented resulted from experiments done at the same time using the same batch of
enzymes, which is essential to avoid the variation from batches of enzyme preparation.

Formaldehyde Dehydrogenase (FDH)-Coupled Demethylase Assay.

FDH assays were performed as described.3849 In brief, inhibitors N54 and N55 with the
concentrations ranging from 1.25 mM to 10 nM in a half-log serial dilution were
preincubated with 0.5 ¢M enzyme [E] at room temperature (21 °C) in the reaction buffer,
containing 50 mM MES (pH 6.8), 50 M (NH4)oFe(SO4),, 2 mM ascorbic acid, 10 ug of
FDH, and 10% DMSQO. After 15 min, 15 xM histone peptide H3(1-24)K4me3 [S] and 0.6
mM APAD™ (3-acetylpyridine adenine dinucleotide, a more stable analogue of NAD*;
Sigma-Aldrich A5251) were added to initiate the reaction for 15 min, with the fluorescence
signal recorded in a BioTek Synergy 4 hybrid microplate reader using 380 nm (20 nm
bandwidth) and 460 nM (40 nm bandwidth) as the excitation and emission filters,
respectively. The initial velocity was calculated, and the dose—response curves were fitted by
a four-parameter logistic equation using GraphPad Prism 5.0: activity (%) = B+ (M- B)/[1

J Med Chem. Author manuscript; available in PMC 2019 January 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Horton et al.

Page 19

+ 10((logICsp-log[I] Hill slope)] \yhere Bis the baseline (usually 0 for no activity or maximum
inhibition), Mis maximum activity or no inhibition (usually 1), [I] is inhibitor concentration,
and the Hill slope refers to the steepness of the curve (usually — 1).

AlphaLISA Assay.

Cell Culture.

Alpha streptavidin donor beads (catalog no. 6760002), anti-methyl-histone H3 lysine 4
(H3K4me2/1) AlphaLISA acceptor beads (catalog AL116), AlphaLISA 5x epigenetics
buffer (catalog AL008-C1), and 30x epigenetics buffer supplement (AL008-C2) were
purchased from PerkinElmer (Waltham, MA). C-terminal Flag-tagged KDM5A (residues 1—
1090; catalog 50110) was purchased from BPS Bioscience (San Diego, CA). The
biotinylated H3(1-21)K4me3 (catalog AS-64192) peptide was purchased from AnaSpec
(Freemont, CA) and bovine serum albumin (BSA, catalog A8412) was purchased from
Sigma (St. Louis, MO).

All assays were performed in 1536-well, white, solid-bottom assay plates (catalog no.
789175) obtained from Greiner Bio-One (Monroe, NC) and read using an EnVision
multilabel plate reader from PerkinElmer (Waltham, MA). Reactions were performed in 50
mM HEPES, pH 7.25, containing 0.01% BSA and 0.01% Tween-20. To each well, 3 s of
enzyme mix, containing KDM5A(1- 1090)-Flag (final 10 nM), was added using a
BioRAPTR flying reagent dispenser (FRD; Beckman Coulter, Fullerton, CA) while buffer
alone served as a negative control. A Kalypsys pin-tool was then employed to transfer 23 nL
of compound solutions in DMSO to each well, yielding a final concentration range up to 57
UM Following a 10 min incubation at room temperature, 1 4L of 4x substrate mix
containing biotinylated-H3K4(me3) peptide substrate (final 100 nM), aKG (final 25 1),
(NHg),Fe(SOy), (final 50 M), and ascorbic acid (final 10 M) was added to initiate the
reaction. Reactions were allowed to proceed at room temperature for 45 min prior to
detection. To detect demethylation of biotinylated-H3K4(me3) peptide product, reactions
were incubated with 20 gg/mL anti-methyl-histone H3K4 (me2/1) acceptor beads in 1x
epigenetics buffer for 1 h, then followed with a 30 min incubation with 20 pg/mL
streptavidin-coated donor AlphaScreen beads. Beads were added in 1.5 and 3 L of FRD
dispense, respectively, for a final volume of 7.5 y1, and plates were protected from the light
at room temperature during donor bead incubation. Microplates were read on an EnVision
multilabel plate reader using the 1536-well plate HTS AlphaScreen aperture (excitation time
80 ms, measurement time 240 ms). Data were normalized to the mean of the no-enzyme and
uninhibited controls, and 1Csq values were determined by nonlinear regression fits using
GraphPad Prism4 software.

MCF7, BT474, and MDA-MB231 cells were cultured in RPM11640 supplemented with
10% fetal bovine serum and 1% penicillin and streptomycin. SKBR3 cells were cultured in
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine serum and 1%
penicillin and streptomycin. All cells were grown at 37 °C with 5% CO».
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Western Blot Analysis.

SKBR3, BT474, MDA-MB231, and MCF7 cells were treated with DMSO, KDM5-C70,
N54, or N55 for 3 days. Histone extraction and Western blot analysis were performed as
described previously.59 The following antibodies were obtained commercially: rabbit anti-
histone H3 (ab1791) (Abcam); rabbit anti-H3K4me3 (C42D8), H3K9me3 (D4W1U),
H3K27me3 (C36B11) (Cell Signaling Technology).

Colony Formation Assay.

MCF7 cells were seeded at 2000 cells/well and treated with 0.1% DMSO, 1 or 10 xM N54,
1 0r 10 4M N55, or 1 M KDM5-C70 the following day. Cells were treated for 12 days with
media replaced every 3 days. Cells were fixed for 5 min in 4% paraformaldehyde in
phosphate-buffered saline, stained in 0.05% crystal violet in double-distilled water for 45
min, gently washed with water, and allowed to dry overnight before photographing. ImageJ
plug-in ColonyArea was used to quantify crystal violet staining as described previously.38

IncuCyte Experiments.

Cells were seeded in 384-well plates (Cell Carrier Ultra, PerkinElmer) at 2.5 x 108 cells per
well (50 L volume) using a Multidrop Combi Reagent Dispenser (Thermo Fisher) and
returned to a humidified incubator (5% CO,) overnight. Culture medium was RPMI (Life
Technologies no. 11835) + 10% fetal bovine serum + 50 U/mL penicillin + 50 tg/mL
streptomycin. Compounds (190 nL in DMSO) were transferred using a pin tool. Plates were
covered with a gas permeable sealing membrane (Breathe Easy, Diversified Biotech) and
imaged every 4 h using an IncuCyte Zoom (Essen Bioscience) equipped with a 10x
objective (Nikon). Cell growth (phase object confluence) was calculated using IncuCyte
ZOOM software.

Immunocytochemistry.

BTA474 cells were seeded in 384-well plates (Cell Carrier Ultra, PerkinElmer) at 2.5 x 103
cells per well (50 L volume). After overnight incubation, 190 nL of compound (in DMSO)
was added by pin transfer ([final] = 62 nM to 63 1M). After 48 h, the cells were fixed (fresh
4% paraformaldehyde in 1x PBS, pH 7.4), permeabilized (PBS + 0.1% Triton X-100 + 0.2%
BSA), and blocked (PBS + 0.1% Triton X-100 + 2% BSA + 5% normal goat serum).
Primary antibodies against H3K4me3 (Abcam 1012) and H3 (Cell Signaling CS4499) were
incubated overnight at 4 °C. Secondary antibodies conjugated to AlexaFluor488 and 568
dyes were added, and nuclei were stained with Hoechst. Cells were imaged on an IN Cell
Analyzer 2200. H3K4Me3 and total H3 intensity was measured on a per cell basis (in the
nuclear region, defined as overlapping with Hoechst staining), and H3K4me3/total H3 ratio
was calculated.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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aKG a-ketoglutarate

2HG 2-hydroxyglutarate

KDM5bA histone lysine demethylase 5A
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Figurel.

Binding of KDM5A by compound N9 and its derivatives. (A) Chemical structures of N9
related compounds containing a constant pyridine-7-carboxylic acid moiety and 2-
chlorophenyl moiety connected to a variable hydroxymethyl extension. (B) Chemical
structures of (R)- and (5)-2-((2-chlorophenyl)(2-(piperidin-1-yl)ethoxy)methyl)-1H-
pyrrolo[3,2- f]pyridine-7-carboxylic acid (compounds N51 and N52). (C) Summary of
isothermal titration calorimetry measurement of dissociation constants (Kp) of various
compounds to KDM5A(1-588)AAP (see Figure S2 for original binding data). (D) Summary
of the 1C5q values of inhibition of demethylation for KDM5A (residues 1-1090) by
AlphaLISA (see Figure S3 for original inhibition data). (E) Summary of inhibitor-bound X-
ray structures of KDM5A(1-588)AAP (see Table S1 for detailed statistics of X-ray
diffraction and refinement).
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Figure 2.
Structure of ternary complex of N46-KDM5A-Mn(II) at 1.22 A resolution (PDB code

6BGY). (A) Six metal ligands involving three protein residues, two water molecules, and the
ring nitrogen atom of pyridine. The omit electron densities, contoured at 10o and 5o above
the mean, are shown for Mn(I1) (magenta mesh) and compound N46 (gray mesh),
respectively. (B) The carboxylate group of pyridine-7-carboxylic acid moiety forms ionic
and hydrogen bonding interactions with Lys501 and Tyr409. (C) Extensive van der Waals
contacts formed between pyridine ring and 2-chlorophenyl ring of N46 and aromatic
residues of KDM5A in the active site. (D) The chlorine atom of 2-chlorophenyl ring binds in
a hydrophobic pocket formed by Ala411, Tyr409, and Tyr472.
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Figure 3.
Structural snapshots of N9 related compounds bound into KDM5A active site. (A-I) The

pyridine-7-carboxylic acid moiety involves in conserved interactions with Lys501, Asn575,
and Tyr409 (top left corner of each panel). The omit electron densities, contoured at 5o
above the mean, are shown for each inhibitor (gray mesh). (A) In compound N9 (PDB code
6BGU), the relative positions of 2-chlorophenyl moiety and the propoxymethyl group are
switched in comparison with other compounds containing larger chemical part attached to
the end of hydroxymethyl extension. (B) In the racemic mixture of compound N40 (PDB
code 6BGV), two possible conformations of 2-chlorophenyl moiety can be modeled into the
electron density. (C, D) In the purified enantiomers (/)-N51 (PDB code 6BHO0) and (5)-N52
(PDB code 6BH1), the chlorine atom of the chlorophenyl ring points to opposite directions.
(E-I) For the other five racemic mixtures of compounds, N41 (PDB code 6BGW), N42
(PDB code 6BGX), N46 (PDB code 6BGY), N47 (PDB code 6BGZ), and N48 (PDB code
6BH5), the (R)-N52-like conformation dominates. (J) Superimposition of compounds N9
and N46. (K) Superimposition of compounds N41 and N42. Note the inhibitor-specific
interaction with Trp470 (compound N41) and Asp486 (compound N42). (L)
Superimposition of compounds N46 and N47. Note the conformational change of Asp412.
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Figure 4.
Chiral pairs of (/)-N51 and (S5)-N52 bind in the KDMb5A active site. (A) Superimposition of

racemic mixture of compound N40 (magenta; PDB code 6BGV) and the purified
enantiomers (/)-N51 (cyan; PDB code 6BHO) and (S)-N52 (gold; PDB code 6BH1). Note
the pyridine-7-carboxylate moiety is superimposable. (B, C) In (R)-N51, Y472 forms two
hydrogen bonds with the compound. In (S5)-N52, Asp412 forms an ionic interaction with the
compound. The 2/, — F electron densities, contoured at 1.2, are shown for the inhibitor
and immediate neighboring residues. (D) Superimposition of (/)-N51 and (5)-N52. Note the
conformational change of Asp412.
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Figureb.
(R)-N54 and (S)-N55 bind highly similar in the KDM5A active site. (A) Chemical structures

of (R)-N54 and (5)-N55. (B) Inhibition of demethylation of KDM5A(1-739)AAP by (R)-
N54 via FDH-coupled assay at three concentrations of aKG (see Figure S5A for inhibition
data by (5)-N55). (C) Structure of N54-KDM5A-Mn(I1) showing the binding of N54
compound in the active site involving two metal ligands (upper right corner), a direct
hydrogen bond with Asn575 (left), and aromatic interactions via Phe480 (top), Tyr472
(bottom), and Trp503 (in the background away from the viewer). See Figure S5B for
structure of (S5)-N55 bound in the active site of KDM5A (D) The terminal cyclopropyl group
forms a stacking interaction with Tyr409 (see Figure S5C for corresponding interaction in
(85)-N55). (E) The terminal isopropyl methyl groups form van der Waals interactions with
Trp470, Asn585, and Val584 (see Figure S5C for corresponding interaction in (S)-N55). (F)
Superimposition of (/)-N54 and (S)-N55. (G, H) Superimposition of compounds N52 (dark
magenta) and N54 (yellow) illustrates conformational changes of Tyr409 (G) and Trp780
(H). () An ordered glycerol molecule was observed near the inhibitor, forming direct H-
bond interaction with the inhibitor. (J) A surface representation of KDM5A active site
showing the binding of N54 compound together with a glycerol molecule. (K) A surface
representation of KDM5A showing the binding of compound N52 occupying a much larger
space in the active site.
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Figure®6.
(R)-Enantiomer N54 is more active than (S)-enantiomer N55 in cellular assays. (A, B)

Western blot analyses of (A) SKBR3 and BT474 cells, (B) MCF7 and MDA-MB231 cells
treated with the indicated concentration of N54, N55, KDM 5-C70, or DMSO control for 3
days. Representative data from biological duplicate experiments performed in duplicate are
shown. (C, D) Colony-formation assays of MCF-7 cells treated with DMSO, KDM5-C70 (1
M), and N54 and N55 (1 or 10 #M). Shown are (C) representative images and (D)
quantification of biological triplicate experiments. “Intensity %” indicates the measured
intensity of cell confluency using ImageJ. Error bars denote SEM: (***) p< 0.001.
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Figure7.
Proliferation of (/)-N54 and (S)-N55 treated breast cancer lines. N54 and N55 inhibit

proliferation of (A) BT474 but not (B) MCF7, (C) SKBR3, or (D) MDA- MB231. Growth
curves represent percent confluence (mean + SD, n=3). (E) N54 is a more potent inhibitor
of BT474 proliferation than N55. AUC for growth (% confluence over 288 h) is plotted
versus inhibitor concentration. (F) Micrographs at 240 h posttreatment, with the confluence
mask shown in yellow. Scale bar is 300 zm.
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Figure8.

Inhibitor specific Tyr409 conformations. (A-C) Tyr409 adopts a nearly identical
conformation via the H-bond interaction with the carboxylate moiety of (S5)-N52 (panel A;
PDB code 6BH1), KDM5-C49 (panel B; PDB code 5ISL), and aKG (panel C; PDB code
51VB). (D-F) Tyr409 adopts different conformations in the complex with (/)-N54 (panel D;
PDB code 6BH2), KDOAM -25 (panel E; PDB code 5IWF), and CPI-455 (panel F; PDB
code 5CEH). (G) Superimposition of KDM5-C49 and KDOAM -25 bound KDM5A linked
JmjN-JmjC domain structures. (H) Superimposition of (R)-N54, KDM5-C49, and
KDOAM-25 bound KDM5A linked JmjN-JmjC domain structures, illustrating
conformational changes of Tyr409 upon inhibitor binding.
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