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Abstract

Histone demethylases play a critical role in mammalian gene expression by removing methyl
groups from lysine residues in degree- and site-specific manner. To specifically interrogate
members and isoforms of this class of enzymes, we have developed demethylase variants with an
expanded active site. The mutant enzymes are capable of performing lysine demethylation with
wild type proficiency, but are sensitive to inhibition by cofactor-competitive molecules
embellished with a complementary steric ‘bump’. The selected inhibitors show more than 20-fold
selectivity over the wild type demethylase, thus overcoming issues typical to pharmacological and
genetic approaches. The mutant-inhibitor pairs are shown to act on a physiologically relevant full-
length substrate. By engineering a conserved amino acid to achieve member-specific perturbation,
this study provides a general approach for studying histone demethylases in diverse cellular
processes.

Graphical Abstract

Give me some space: Bulky residues in histone demethylase KDMA4A are replaced with amino
acids with smaller side chain. The extra space created in the active site can accommodate
inhibitors with a steric ‘bump’ resulting in member-specific perturbation of the KDM family.
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2-ketoglutarate (2KG) and iron-dependent lysine demethylases (KDMs) oxidize C-H bonds
of a methyl group to demethylate cellular proteins (Figure 1).[] Of particular importance is
histone demethylation that regulates chromatin-dependent processes by modulating
interactions between nucleosomes and transcriptional machinery.[2l Cells employ an array of
KDMs (>30 in humans) to demethylate histones, a key step in the regulation of gene
expression, in a wide range of biological pathways, including early embryonic development.
[3] Lysine demethylation occurs in a site and degree-specific manner (mono-, di- and tri-
demethylation) and can have opposing transcriptional outcomes. For example,
demethylation of trimethylated K4 and K9 residues in histone H3 results in gene activation
and repression, respectively, and two distinct sets of KDMs participate in these site-specific
demethylation events: KDM5A-D act on H3K4me3 while KDM4A-E for H3K9me3.[4]
Lysine demethylation of non-histone proteins is emerging as a key signaling mechanism for
controlling cellular processes such as the cell cycle.[] Small-molecule inhibitors carrying
drug-like or peptide scaffolds have been developed to target KDMs and other 2KG-
dependent enzymes.[®] Majority of the cofactor-competitive, metal-chelating inhibitors target
a wide range of 2KG-dependent enzymes. Even for the substrate-competitive macrocyclic
inhibitors,[7] achieving subtype specificity has been challenging. Such limitations resulting
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from off-target activity and occasional lack of cell-permeability call for new molecular tools
to interrogate specific members of the KDM family.

Analogue-sensitive chemical genetics presents a distinctive solution employing orthogonal
enzyme-cofactor or enzyme-inhibitor pairs that typically do not interfere with wild type
proteins.[®] In this approach, a steric or electronic component (or both) of an enzyme-
cofactor interface is engineered in a complementary manner to achieve target specificity
while retaining the important attributes of small-molecule modulators (ability to provide
conditional, dose-dependent and temporal perturbation). We recently developed KDM4
variants with expanded active sites that are capable of accepting 2KG analogues carrying a
hydrophobic appendage for active removal of methyl groups from H3.[%] The ‘bumped’ 2KG
analogues did not activate a series of wild type KDMs, thus ensuring specificity.

Given that the members of the KDM family play pivotal roles in mammalian development,
single and combined knockouts are often lethal.[10] To elucidate biological functions of a
specific isoform within a KDM subfamily, we surmised that KDM variants that act much
like a wild type enzyme but are selectively inhibited by a designed molecule could constitute
a powerful approach (Figure 1). Akin to analogue-sensitive kinase mutants,[1] the
engineered KDMs are active with the natural cofactor, thus potentially circumventing the
issues related to dominant negative effect typically observed for catalytically inactive
variants. During the course of our engineering of KDMA4A for mutant-specific activation, we
identified N198A and S288A mutations with demethylase activity towards H3K9me3
peptide using 2KG as cofactor.[®] This initial observation provided us with the impetus to
develop analogue-sensitive histone demethylases using KDM4A as a model enzyme.

Analysis of the crystal structure of KDMA4A bound with 2-hydroxyglutarate (2HG), a 2KG-
competitive inhibitor, revealed that N198 and S288 reside within a few angstroms from 2HG
(Figure 2A).[12] Therefore, we generated additional mutants (N198G and S288G) to expand
the active site further to test against a panel of inhibitors with varying degrees of steric
appendages. We examined the ability of the mutants to demethylate the H3K9me3 substrate
peptide using MALDI mass spectrometry. All four mutants exhibited robust demethylase
activity towards the substrate peptide only in the presence of cofactor 2KG (Figure 2C—F).
In these single time-point experiments, mutants performed a second-degree demethylation
(removal of two methyl groups) as opposed to wild type KDM4A which typically removes
only one methyl group within the allocated timeframe (Figure 2B). This is likely due to the
expanded active site that allows the substrate peptide to adopt a catalytically competent
orientation during each demethylation step. Furthermore, we observed that N198G is more
active than it’s alanine counterpart, and an opposite trend was seen with the S288A and G
mutants (Figure 2C-F). These results suggest that overall demethylase activity of the ‘hole-
modified’” mutants is a manifestation of the nature of the stereoelectronic engineering during
mutation (e.g. loss of an amide and a hydroxymethylene side chains in N198 and S288,
respectively) and not entirely due to the larger active site space.

To gain further insight into catalytic activity of the mutants, we employed a coupled
fluorescence assay to measure the amount of formaldehyde generated via KDM-mediated C-
H hydroxylation of the methyl groups (Figure 3A).[12-13] |n this assay, formaldehyde
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dehydrogenase converts the formaldehyde to formic acid using NAD™ as an oxidant that in
turn is reduced to NADH. Time-dependent accumulation of NADH was measured during the
demethylase assay with increasing concentration of 2KG (Figure S1). The assay determines
the overall catalytic efficiency instead of individual mono- and di-demethylation (Figure 3B,
S1). We observed a similar magnitude of Ky, values for all the enzymes with S288G being
the tightest binder (Ky ~6.9 uM) and N198G being the lowest (Kyy ~16 pM) in the series
(Figure 3C). Interestingly, among the mutants, N198G had the maximal turnover (4.5 and
the S288G mutant with the weakest, reflecting a complex interplay of substrate binding,
transition-state stabilization, product release and potential product inhibition.

The overall catalytic proficiency (kqat/Kn) of N198G mutant was higher than that of N198A,
and this trend was reversed for the S288A and S288G mutants, thus corroborating well with
our initial MALDI screening results. With respect to wild type system (KDM4A-2KG), the
mutant-2KG pairs showed comparable kinetic proficiency. k.o/Ky values for S288A and
N198G are only 1.8 and 2.3 folds lower than that of wild type enzyme, respectively (Figure
3C). The catalytic prowess of these demethylase variants is remarkable and significantly
higher than many reported engineered enzymes.[24] Collectively, kinetic analysis suggests
that the selected KDM4A mutants are capable of performing rapid histone demethylation to
support dynamic chromatin-templated processes such as transcription.

These results set the stage for identification of ‘bumped’ inhibitors for the “hole-modified’
mutants. In our initial MALDI assay, we used 1mM 2KG to detect the activity of wild type
and mutant KDM4A.. We realized that finding an effective inhibitor would be challenging at
such a high concentration of cofactor due to the competitive nature of inhibition. Towards
this end, we performed a series of MALDI demethylase assays with varied concentrations of
2KG (Figure S2-6). The results led us to select 50 uM of 2KG for subsequent inhibitory
experiments. At this cofactor concentration, which is about 3—4 folds higher than the Ky,
values for the five enzymes, we recorded greater than 50% substrate demethylation. It is
noteworthy that the typical concentration of 2KG in human cells is in the range of ten to
hundred micromolar.[*3] Thus, screening compounds against the cofactor at the
physiologically relevant concentration is likely to yield relevant inhibitors.

Upon optimizing the assay condition, we examined two cofactor-competitive KDM4A
inhibitors: 5-carboxy-8-hydroxyquinone (10X1) and N-oxalylglycine (NOG).[1¢] Both 10X1
and NOG are broad-spectrum inhibitors of 2KG-dependent enzymes with ICgq in the
micromolar range (Figure 1, S7). IOX1 engages with KDMA4A through the phenolic and
carboxylic moieties by mimicking the carboxylic groups in 2KG. NOG binds to KDM4A
due to its structural similarity to 2KG, but presence of the amido-acid moiety prevents its
catalytic processing, resulting in cofactor-competitive inhibition. We tested wild type
KDMA4A and the four ‘hole-modified” mutants against IOX1 and NOG under the optimized
assay conditions. Both compounds inhibited the wild type as well as mutant proteins, albeit
to different degrees, mirroring the ability of the engineered enzymes to bind 2KG (Figure
S7).

These results prompted us to develop ‘bumped’ analogues of NOG to selectively inhibit the
mutant enzymes. We focused on NOG-based scaffold mainly because of their structural
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similarity to the cofactor and straightforward synthetic access. Furthermore, we have
recently demonstrated success in developing ‘bumped’ inhibitors for engineered DNA
demethylases using bulky NOG derivatives.[17] We synthesized compounds 3-10 carrying
variegated steric bulk at C4 and examined their inhibitory activity as described above
(Figure 4A, Scheme S1). Although unmodified NOG 2 significantly inhibited all the
enzymes tested, the ‘bumped’ compounds displayed a differential profile. For example, none
of the analogues inhibited wild type KDM4A at 100 pM concentration, suggesting a lack of
binding, likely due to a potential steric clash in the active site (Figure 4A, S8). N198A
mutant was significantly inhibited by ethyl-NOG 3 and propyl-NOG 5, demonstrating that
mutants with expanded active sites could accommaodate bulky inhibitors (Figure 4A, S9).
Consistently, N198G with a larger pocket was inhibited by leucine-NOG 7 carrying a bulky
isobutyl group (Figure 4A, S10). Interestingly, we did not observe any significant inhibition
of S288A and S288G mutants by the current set of NOG analogues (Figure 4A, S11-12).
Given that the N198 and S288 occupy spatially different sites in the enzyme pocket (Figure
2A), it is likely that the NOG analogues could target the ‘hole’ generated by N198A/G
mutations only. It would be of future interest to develop compounds based on other scaffolds
such as 10X1 to inhibit mutations at S288 site. Nonetheless, screening of a small panel of
compounds led us to identify three potential ‘bumped’ inhibitors for N198A and G mutants.

To further validate the inhibition of N198A and N198G mutants by NOG analogues 3, 5 and
7, we measured their ICsq values using MALDI demethylase assay. In a dose-dependent
experiment, ethyl-NOG 3 inhibited N198A mutant with an I1Csq of 139 uM (Figure 4B,
S13). The Hill slope value of —1.06 resembled the theoretical value of —1.0 for competitive
inhibition, suggesting that the decrease in activity was not due to compound-mediated
aggregation of the protein.[!8] The inhibitory activity further improved with propyl-NOG 5
that showed an 1C5q of 80 UM against the same mutant (Figure 4C, S14), suggesting a better
fit for the inhibitor in the expanded pocket. N198G mutant was moderately inhibited by the
leucine-NOG 7 with an ICgq of 288 uM. We did not observe any significant inhibition of
wild type KDMA4A by these ‘bumped’ NOG analogues at 300 UM concentrations (Figure
S17-21). About 50% inhibition of KDM4A was observed at 3 mM concentration of ethyl-
NOG 3, displaying at least 20-fold selectivity over the wild type enzyme (Figure S17, S19).
Compound 5 demonstrated a significantly higher level of selectivity with no more than 30%
inhibition of wild type KDMA4A at 3 mM concentration (Figure S17, S20). In contrast,
unmodified NOG 2 inhibited the wild type protein with an 1Cgq of 22 uM, closely agreeing
with the reported value (Figure $17, 518).112 18] The results therefore validate the role of
structure-guided protein and small molecule engineering to identify specific inhibitors for
the engineered histone demethylases.

Finally, to examine whether the mutant proteins are active on full-length histone H3, we
synthesized H3K 9me3, a trimethylated thialysine analogue at position 9 of H3 via
alkylation of the H3C9 mutant with 2-bromoethyltrimethyl ammonium salt (Figure 5A).[20]
The reaction product was analyzed by ESI-HRMS (Figure 5B). Such chemically prepared
histone analogues carrying site- and degree-specific lysine methylation pattern have been
extensively used to test activity of chromatin-modifying proteins in biochemical assays.[2!]
The N198A mutant showed noticeable demethylase activity on the chemically methylated
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histone in the presence of 2KG 1 as confirmed by western blot with the appropriate antibody
(Figure 5C,D). We observed that NOG analogue 3 significantly inhibited the activity of the
mutant demethylase (Figure 5C,D). These results collectively demonstrate that the ‘hole-
modified’ mutant and its cognate bumped’ inhibitor are capable of controlling lysine
demethylation on full-length histone substrate.

In this piece of work, we have developed histone demethylase variants carrying an expanded
active site via structure-guided protein engineering with the purpose of perturbing a specific
mutant by a designed molecule. We showed that engineered enzymes are capable of
demethylating histone peptide using the natural cofactor 2KG. Steady-state kinetic analysis
employing a coupled fluorescence assay revealed that the mutants are catalytically
competent similar to their wild type counterpart. This is particularly important given that
loci-specific histone demethylation occurs within minutes upon appropriate external stimuli
to effect gene expression.[22] Catalytically efficient engineered KDM4A is expected to
perform rapid demethylation events in response to cellular and developmental cues. To
specifically interrogate the mutant demethylases, we screened two cofactor-competitive
inhibitor scaffolds and found both to be effective. In a subsequent structure-activity study
with a panel of eight NOG analogues, we identified NOG analogues 3 and 5 carrying an
ethyl and a propyl ‘bump’, respectively, as selective inhibitors for N198A mutant of
KDMA4A. Although the inhibitory potency of the compounds is moderate, it displayed more
than 20-fold selectivity over wild type demethylase. These results underscore the importance
of the complementary steric engineering at the protein-ligand boundary to achieve
selectivity. We also confirmed the potential of the orthogonal enzyme-inhibitor pair to
conditionally modulate methylation level on full-length histone.

Looking to the future, we will expand the collection of NOG-based molecules to identify
inhibitors with improved potency. We envision expanding the active site further via a second
site mutagenesis to accommodate bulkier analogues for higher selectivity. Given that N198
and S288 residues are highly conserved among KDM4 members, we expect the NOG
analogues developed here to find general application as inhibitors of the engineered
members in the subfamily. More importantly, majority of the lysine demethylases (>30 in
humans) rely on 2KG for catalysis, thus suggesting a potential broad applicability of our
engineering approach. We anticipate future experiments involving knock-in of the analogue-
sensitive KDM4A mutant into the endogenous /oci using CRISPR-cas9 based genome-
editing techniques.[23] Cell-permeable ‘bumped’ NOG analogues in combination with ‘hole-
modified” KDMs would allow temporal manipulation of histone methylation and subsequent
gene expression in a manner not attainable by currently available pharmacological and
genetic tools.

Experimental Section

Synthetic procedure and characterization of all the relevant compounds; methods for protein
expression and purification, and biochemical assays; supplementary figures, tables and
NMR spectra are provided in Supporting Information.
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Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Schematic representation of analogue-sensitive histone demethylase approach. KDM4A, a
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maintaining the catalytic activity. Cofactor-competitive inhibitor carrying complementary
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Figure 3.
Catalytic efficiencies of the wild type and mutant KDM4A enzymes. (A) Schematic showing

coupled fluorescence assay. Formaldehyde generated during demethylation of H3K9me3
peptide is oxidized to formic acid by FDH which in turn reduces NAD* to NADH. (B)
Michaelis-Menten plots for KDM4A, and its alanine and glycine mutants at N198 and S288
with increasing concentration of cofactor 2KG. (C) Steady-state kinetic parameters of the
enzymes obtained from plots shown in B.
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Figure 4.

Inhibition of KDM4A and its mutants by NOG analogues. (A) Heat-map diagram of %
inhibition of demethylase activity by 100 uM of NOG and its analogues as determined by
MALDI-MS. (B-C) ICsgq of ethyl-NOG 3 and propyl-NOG 5 towards N198A mutant.
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Activity of mutant enzymes on full-length histone H3. (A) Schematic showing chemically

methylated histone H3 using thialysine approach. (B) ESI-HRMS spectrum of H3K-9me3.

(C) Demethylation of full-length H3K9me3 by N198A mutant as determined by western
blot using H3K9me3 antibody (top panel); Histone H3 as loading control (bottom panel).

Demethylation was significantly inhibited by the ethyl-NOG 3. (D) Quantitative
representation of the western blot data shown in C. Error bars are based on two independent

biological replicates.
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