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ABSTRACT: Closely related protein families evolved from
common ancestral genes present a significant hurdle in developing
member- and isoform-specific chemical probes, owing to their
similarity in fold and function. In this piece of work, we explore an
allele-specific chemical rescue strategy to activate a “dead” variant
of a wildtype protein using synthetic cofactors and demonstrate its
successful application to the members of the alpha-ketoglutarate
(αKG)-dependent histone demethylase 4 (KDM4) family. We
show that a mutation at a specific residue in the catalytic site
renders the variant inactive toward the natural cosubstrate. In
contrast, αKG derivatives bearing appropriate stereoelectronic
features endowed the mutant with native-like demethylase activity
while remaining refractory to a set of wild type dioxygenases. The
orthogonal enzyme-cofactor pairs demonstrated site- and degree-specific lysine demethylation on a full-length chromosomal histone
in the cellular milieu. Our work offers a strategy to modulate a specific histone demethylase by identifying and engineering a
conserved phenylalanine residue, which acts as a gatekeeper in the KDM4 subfamily, to sensitize the enzyme toward a novel set of
αKG derivatives. The orthogonal pairs developed herein will serve as probes to study the role of degree-specific lysine demethylation
in mammalian gene expression. Furthermore, this approach to overcome active site degeneracy is expected to have general
application among all human αKG-dependent dioxygenases.

■ INTRODUCTION
Lysine demethylases (KDMs) are alpha-ketoglutarate (αKG)-
dependent dioxygenases that use Fe2+ to catalyze the removal
of methyl groups in histones to regulate gene expression
(Figure 1A).1−3 More than 30 KDMs partake in diverse
cellular processes ranging from chromatin organization to
nuclear reprogramming during cellular differentiation, all
occurring at a wide range of time scales (Figures S1 and
S2).1−3 Overexpression and somatic mutation of KDMs are
hallmarks of various human cancers.4 How a specific KDM
member contributes to distinct gene expression patterns in
normal and pathological conditions is largely unexplored, likely
because interrogating KDM-specific functions in the spatio-
temporally fluctuating environment of cells is challenging.5 We
reasoned that catalytic activation of an otherwise dead KDM
mutant would constitute a powerful approach for the gain-of-
function study of degree-specific lysine demethylation (Figure
1B). Such allele-specific activation is unlikely to be attained by
pharmacological or genetic perturbations alone since these
approaches typically lead to a catalytic loss of the demethylases
and fail to provide insights into the causal role of lysine
demethylation in biological processes.6

Activation of enzyme function with small molecules is an
underutilized approach in chemical genetics, mainly because of
the significant thermodynamic burden in restoring the catalytic
steps.7−9 An earlier strategy toward allele-specific enzyme
activation involves the introduction of a de novo pocket in the
catalytic domain of an enzyme to render it nonfunctional,
followed by the chemical rescue of activity with a small
molecule through stereoelectronic complementarity.10−12 Such
an approach, however, may pose certain limitations as high
concentrations of biotic activators (e.g., imidazole, indole) are
used to induce the desired phenotype, which can potentially
interfere with the inherent metabolic processes of the cell. We
envisioned developing an analogue-sensitive chemical rescue
strategy using abiotic cofactors (e.g., αKG derivatives) that are
orthogonal to the wild type KDMs to specifically activate an
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otherwise silent KDM variant (Figure 1C).13 We reasoned that
a space-creating mutation at a bulky hydrophobic residue in
the active site would result in an inactive allele, which could
then be resurrected by cofactor mimetics with appropriate
steric appendages. Such steric engineering between an enzyme
and its cofactor would be thermodynamically less intrusive for
maintaining a productive catalytic cycle, as the majority of
electrostatic interactions would remain intact.
We recently showed that the steric component of the

KDM4A and αKG interface can be remodeled in a

complementary manner to access an orthogonal demethylation
apparatus.14 Herein, we expand our earlier observation to all
five catalytically active members of KDM4 subfamily, identify a
conserved gatekeeper residue in the active site, and explore a
new set of αKG analogues for member-specific functional
analysis. First, we develop an approach toward regioselective
synthesis of αKG derivatives bearing diverse steric appendages
at C4. Subsequent biochemical experiments lead to several
enzyme-cofactors pairs for the KDM4 family with improved
orthogonality and catalytic proficiency. Finally, we demon-
strate activation of a specific KDM4 member in the complex
cellular milieu using the abiotic cofactors to modulate lysine
demethylation in chromosomal histones in a site- and degree-
specific manner.

■ RESULTS AND DISCUSSION
Synthesis of αKG Analogues Carrying Hydrophobic

Appendages. KDM4A harbors the JmjC catalytic domain
that utilizes αKG and Fe2+ to demethylate lysine residues in
histones.15 Within the binding pocket, F185 resides in close
proximity (∼3 Å) to αKG, specifically to the C4 methylene
unit of the cofactor (Figure 2A).16 We previously revealed that
F185G mutation led to a complete loss of activity toward the
canonical αKG, and the demethylase activity could be rescued
with cofactor analogues primarily via steric complementarity.14

To expand the cofactor repertoire and enhance their
orthogonality across human αKG-dependent enzymes, we
designed a set of αKG analogues 2−9 carrying distinct alkyl,
alkenyl, alkynyl, and aryl groups with varied sizes at C4 (Figure
2B). We developed a short synthetic approach to access these
molecules, which commenced from unprotected αKG (Figure
2C, Schemes S1−S6). Acid-catalyzed protection of the
carboxylic and 2-oxo groups present in 1 with orthoformate
led to the diester-ketal 10. Subsequently, regioselective SN2
alkylation at C4 with varied electrophiles carrying a β,γ-
unsaturation provided a fully protected, racemic mixture of the

Figure 1. Analogue-sensitive (as) chemical rescue of KDMs. (A)
Biochemical steps involving oxidative histone demethylation by
KDMs and αKG. (B) Schematic representation of a two-step strategy
for analogue-sensitive (as) activation of KDMs: First catalytic
inactivation of a specific member followed by chemical rescue with
a cofactor analogue as shown in C. (C) Sketch showing binding of
αKG in the active site of native KDM (left) and that of an αKG
analogue (an abiotic cofactor) into an expanded active site of the as
variant (right).

Figure 2. Design and synthesis of αKG analogues. (A) Crystal structure of αKG- and H3K9me3-bound catalytic domain of KDM4A (PBD:
2Q8C). (B) Structures of αKG analogues 2−9 carrying a bulky hydrophobic moiety at C4. (C) Synthetic scheme toward αKG analogues 2−9.
Yields of the individual chemical transformations are provided in the Supporting Information. In the proposed linear transition state of SN2
alkylation, sp3-hybridized methylene carbon bearing a leaving group (Br) is rehybridized to sp2 and the incipient p orbital is stabilized through
delocalization with an adjacent antibonding π orbital (p−π* delocalization) of the β−γ unsaturated electrophiles.
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αKG analogues 11−18. The rationale behind the employment
of unsaturated electrophiles was to facilitate the alkylation step
by lowering the transition state barrier through p−π*
delocalization known as allylic stabilization. Acid-catalyzed
deketalization of 11−14 to 19−22 followed by ester hydrolysis
led to the final analogues 2−5 (Figure 2C). Catalytic
hydrogenation of the side chains on 15−18 led to the
saturated intermediates 23−26 followed by both acid- and
base-catalyzed deprotection furnished the αKG analogues 6−9,
which were purified using high performance liquid chromatog-
raphy (Figure 2C).
Assessing αKG Analogues As Alternative Demethy-

lase Cofactors. We next sought to examine if the αKG
derivatives could rescue demethylase activity of the F185G
mutant, an inactive variant of KDM4A toward the natural
cofactor. The analogues were tested for their ability to activate
the mutant to demethylate an H3K9me3 substrate peptide,
and each product was analyzed by MALDI-TOF MS. To
evaluate the relative product distribution, we first examined if
the peptides carrying degree-specific methyllysine (Kme0,
Kme1, Kme2, and Kme3) produced comparable ionization
potentials. For this, we synthesized three additional peptides
(H3K9me0, H3K9me1, and H3K9me2; Figures S3−S6).
H3K9me3 was mixed with each synthesized peptide separately
in different ratios and subjected to MALDI-MS. Peak
intensities of individual peptides reflected their known ratios
in the mixture, indicating equivalent degrees of ionization in
MALDI (Figures S3−S6). Such a result suggests that a
MALDI-based detection method can be employed for relative
quantification of demethylase activity.
When examined using our optimized in vitro MALDI-based

assay, most of the synthesized cofactor analogues activated the
mutant, albeit to varied degrees; in contrast, they failed to
induce demethylase activity in the wild type KDM4A, thus
providing several orthogonal enzyme-cofactor pairs (Figures
3A, S7, S8). Ethyl (2), allyl (3), propargyl (4), isobutyl (6),
and 2-methylbutyl (7) analogues proved to be the most
promising cofactors, as their addition led to complete
consumption of the substrate peptide. The benzyl αKG (5)
with a planar phenyl moiety activated the mutant enzyme
moderately. αKG analogues such as cyclopentylmethyl 8 and
cyclohexylmethyl 9 were inactive, likely due to their cyclic and
rigid side chains that led to steric congestion at the active site.
It is remarkable that the engineered pair displayed degree-

specific demethylation (H3K9me3 to H3K9me2), consistent
with monodemethylase activity of the wild type system.
Furthermore, the demethylation was site selective as the
mutant failed to demethylate H3K4me3 and H3K27me3
(Figures S9−S11), corroborating well with the activity of their
wildtype congener. Collectively, by screening a set of novel
αKG analogues, we expanded the repertoire of active cofactors
for the F185G mutant. The unique geometric and steric
features present in the analogues are expected to improve the
orthogonality of the abiotic cofactors across human αKG-
dependent dioxygenases.

Engineering F185 Equivalent Residue in KDM4B−E.
The KDM4 subfamily consists of five catalytically active
members (4A−E) and one pseudogene (4F; Figure S2).
KDM4A−E, with multidomain structures, performs distinct
functions in DNA damage response and nuclear reprogram-
ming pathways which are attributed to their differential cellular
localization, substrate selection, and catalytic properties
(Figure S2).17−19 Sequence analysis revealed that F185 of
KDM4A is highly conserved among the human KDM
members, and structurally occupies a position similar to
F187 in KDM4C and F189 in KDM4D (Figure 3B, C).20−23

This amino acid likely acts as a gatekeeper that precludes
binding of a bulky αKG analogue to wild type demethylases.
To develop analogue-sensitive variants for all of the members,
we generated the corresponding F185G mutation in KDM4B−
E, expressed the mutant proteins, and examined their
demethylase activity with the same set of synthesized αKG
analogues using MALDI-TOF MS (Figures 3A, S12−S19). In
the end-point assay, wild type KDM4B−E proteins showed
robust activity with canonical αKG and remained vastly
inactive toward the bulky αKG congeners (<5% H3K9me3
demethylation), confirming orthogonality of the analogues
across the KDM4 family. On the other hand, the cofactor
derivatives successfully activated the mutants to demethylate
the H3K9me3 peptide. Mutants displayed varied degrees of
analogue sensitivity while remaining refractory toward αKG
itself. For example, allyl αKG (3) effectively activated all of the
variants in contrast to ethyl αKG (2) and isobutyl αKG (6),
which proved to be the superior analogues for the KDM4C
mutant. Remarkably, cyclopentylmethyl αKG (8) and cyclo-
hexylmethyl αKG (9), which were inactive toward KDM4A−
F185G, appeared to be potent cofactors for KDM4E−F186G
(Figures 3A, S12−S19). Overall, the variants demonstrated

Figure 3. Development of analogue-sensitive (as) KDM4 demethylases. (A) Heat-map representation of % activity of KDM4A−E and
corresponding mutants toward αKG 1 and analogues 2−9. (B) Superimposed crystal structures of KDM4A−E showing a conserved binding
pattern (PDB codes for KDM4A, 2Q8C; KDM4B, 4LXL; KDM4C, 4XDO; KDM4D, 4HON; KDM4E, 2W2I). (C) Structure-based sequence
alignment of selected members of human KDMs showing conserved hydrophobic residues corresponding to F185.
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differential analogue sensitivity, reflecting the structural and
biochemical nuances of the KDM4 members. Taken together,
we developed a functional variant for each member of the
KDM4 family by screening an extended set of αKG analogues
against the variants carrying a single mutation at the gatekeeper
residue. Given that the bulky hydrophobic residue is highly
conserved among human KDMs, we surmise that the allele-
specific chemical rescue approach is applicable to members of
the entire KDM family.
Kinetic Assessment of Mutant-Cofactor Pairs. The

lysine methylation−demethylation cycle is a dynamic process
that controls transcriptional activity within cells in response to
internal and external stimuli. Although the steady-state half-life
of methylated histones is on the order of days, demethylation
occurs rapidly at certain loci within minutes upon appropriate
activation.24−27 To examine the catalytic efficiency of the
engineered demethylase pairs, we employed a coupled
fluorescence assay that measures the amount of formaldehyde
resulting from KDM-mediated C−H hydroxylation of the
lysine methyl groups (Figures 4A, S20). In this assay,
formaldehyde dehydrogenase (FDH) converts formaldehyde
to formic acid by utilizing NAD+ and generating NADH in the
process.28 Accumulation of NADH was monitored using its
intrinsic fluorescence, excitation at 340 nm, and emission at
490 nm, to quantify formaldehyde generation. We focused on
the F185G mutant of KDM4A and selected cofactors that
showed significant activity during the initial screening assay.
The kinetic measurements were conducted at a saturating
concentration (300 μM) of the peptide substrate, which is
significantly higher than the KM value (∼100 μM), to
determine the catalytic properties of the demethylases solely
dependent on the cofactor analogues.29,30

Analysis of the kinetic parameters revealed that F185G-ethyl
αKG possessed the strongest catalytic prowess and is only 5-
fold weaker than the wildtype system (Figures 4B,C, S21−
S26). Allyl αKG 3 was next in the series, and its binding to the
mutant appeared to be the main contributing factor as evident
from the KM value. A majority of the cofactor derivatives
showed comparable binding aptitude toward their cognate

mutant that paralleled that of the corresponding wild type pair,
indicating that steric complementarity plays a critical role in
the binding of cofactor analogues during catalysis. Thus, the
overall lower turnover (kcat) for the engineered pairs is likely
due to a compromised transition-state structure and product
release, or a combination of both. We observed that within the
series of the cofactor analogues, propargyl αKG 4 showed
weaker efficiency, presumably due to a bulky ethynyl moiety
affecting some or all of the catalytic steps. It is worth noting
that the αKG analogues were prepared as racemic mixtures,
and thus the KM values could be improved further with
enantiomerically enriched cofactors. Taken together, the
KDM4A-F185G mutant and selected αKG analogues displayed
varied but robust catalytic proficiency in demethylating the
substrate peptide and are thus suitable for rapidly demethylat-
ing cognate substrate in an orthogonal manner.

Establishing Orthogonality of αKG Analogues. We
next sought to examine the abiotic cofactors for their specificity
toward a panel of human αKG-dependent dioxygenases. We
expressed and purified catalytic domains of KDM6B, TET2−3,
and ALKBH9 (FTO): these proteins represent histone, DNA,
and RNA demethylases, respectively.31−34 The catalytic
activity of the enzymes was assessed using synthesized peptide
or nucleic acid substrates and analyzed by MALDI-TOF MS
(Figures 4D, S27−S30). All four demethylases showed robust
activity on their cognate substrates in the presence of canonical
cofactor αKG, confirming their biochemical integrity. How-
ever, the representative bulky αKG analogues 2−9 failed to
stimulate oxygenase activity of the enzymes at 100 μM
concentration that was sufficient to achieve 100% activity for
the mutants. Taken together, our biochemical results on a total
of nine wild-type demethylases (KDM4A−E, KDM6B, TET2
and 3, and FTO) with varied substrate scope and catalytic
mechanisms strongly argue for the orthogonality of the αKG
analogues.
To further examine the orthogonality of the analogues, we

performed a systematic cofactor competition experiment.
Wildtype KDM4A was incubated with varying concentrations
of ethyl αKG followed by activation with the natural cofactor

Figure 4. Kinetic parameters of analogue-sensitive (as) KDM4A and αKG analogues. (A) Biochemical steps showing a coupled fluorescence assay
involving oxidative histone demethylation by as pairs followed by oxidation of formaldehyde by formaldehyde dehydrogenase (FDH) to generate
NADH. (B) Michaelis−Menten plots for wildtype and selected as pairs. (C) Kinetic parameters (kcat and KM) obtained from B. (D) Selectivity of
the αKG analogues toward representative histone, DNA, and RNA demethylases.
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αKG. No noticeable inhibition of wildtype KMD4A activity by
the ethyl analogue was observed (Figure S31). In a reverse
competition experiment, we also noticed that αKG did not
show any inhibitory effects on the F185G-ethyl αKG system
(Figure S32). These studies further demonstrate a mutual

orthogonality between the wildtype and engineered demethy-
lases and their cognate cofactors.

Demethylation of Full-Length Histone H3 by En-
gineered KDM4A. Degree-specific lysine methylation on full-
length substrate proteins is carefully regulated by reverse-acting

Figure 5. Activity of as KDM4A−αKG analogues on full-length histone H3. (A) Biochemical steps showing tandem activity of SUV39H2 to
generate H3K9me3 followed by demethylation to H3K9me2 by the as pairs. (B−E) Deconvoluted ESI LC-MS spectra of histone demethylation by
the indicated as pairs.

Figure 6. Activity of as KDM4A−αKG analogues on nuclear histone H3. (A) Schematic showing steps to examine the activity of engineered
enzyme−cofactor pairs on nuclear H3. (B) Analogue-sensitive activation of KDM4A: nuclear histones can be demethylated using F185G and
selected cofactor analogues at varying degrees as determined by Western blot with appropriate antibodies (lanes 4−8). Endogenous αKG activated
wild type KDM4A but not the mutant (lanes 2 and 3). (C) Selected set of αKG derivatives did not change the level of key methylation sites
(H3K4me3, H3K9me3, H3K27me3, and H3K36me3) on the nuclear histone, demonstrating their inertness toward endogenous wildtype human
KDMs.
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methyltransferases (KMTs) and demethylases (KDMs). For
example, dynamic H3K9 methylation-demethylation is
achieved by the sequential activity of a multimeric complex
of KMTs (G9a, GLP1, Suv39H1/2, SETDB1) and diverse
KDMs (KDM4A-E).35,36 To demonstrate that the engineered
KDM4 can act in tandem with KMT on full-length histone H3,
we set up an in vitro methylation−demethylation assay (Figure
5A). Bacterially expressed H3 was subjected to methylation
using the catalytic domain of Suv39H2 and S-adenosylmethio-
nine (SAM), a universal methyl donor.37 An efficient
methylation (H3K9me3) level was confirmed using ESI LC-
MS only in Suv39H2 and SAM-treated samples, and not in
control samples lacking either component (Suv39H2 or SAM;
Figure S33). In an in situ demethylation assay, incubation with
the KDM4A-F185G mutant and a selected αKG analogue (2,
4, 6, or 7), resulted in the formation of H3K9me2 as detected
by mass spectrometry (Figure 5B−E). Di- and monomethy-
lated H3 was undetectable when the analogue-sensitive mutant
was incubated with the canonical αKG 1. These results
recapitulate the tandem KMT−KDM activity that occurs in
certain loci in the genome and further demonstrate that
engineered demethylase along with its cognate cofactor can
control the dynamic methylation status on full-length
substrates.
Demethylation of Nuclear Histone by KDM4A

Variant. Finally, we sought to examine the ability of the
abiotic cofactors to activate the analogue-sensitive KDM4A
variant in a cellular environment, which also harbors >60
endogenous αKG-dependent enzymes.38 Given that KDMs
carry multiple domains that regulate member-specific genome
localization and substrate demethylation (Figure S2), we
generated an F185G mutant in full-length human KDM4A.
Upon transient expression of the mutant in HEK293T cells,
intact nuclei were isolated and subjected to demethylation of
chromosomal histones by treatment with αKG analogues
(Figure 6A). Given that all of the components of chromatin
and associated enzymes are localized in the nucleus, isolated
nuclei offer a physiologically relevant substrate to directly test
the effect of αKG and its analogues, which have limited cell
permeability.39,40 To gauge the extent of lysine demethylation,
the H3K9me3 level was analyzed by Western blot using a
corresponding antibody (Figure 6B). While wild type KDM4A
demonstrated robust demethylation with endogenous αKG,
the mutant failed to mediate any noticeable demethylation, as
no difference in H3K9me3 was observed when compared to
nontransfected cells, consolidating the orthogonality of the
engineered variant. However, H3K9me3 demethylation ensued
when nuclei expressing the F185G mutant were treated with
the cofactor analogues. Ethyl (2), allyl (3), and isobutyl (6)
αKG analogues led to robust demethylation of nuclear histone
H3, mirroring their in vitro catalytic efficacy. This result
demonstrates that enzymatic activation of an otherwise inactive
KDM4 variant in the cellular milieu is indeed attainable by
paired cofactors. Furthermore, ethyl αKG led to a graded
decrease in H3K9me3 level in a dose−response manner,
demonstrating a tunable activation of histone demethylases
using an abiotic cofactor (Figure S34).
We next performed a cofactor competition experiment in

isolated nuclei expressing either wildtype or full-length mutant
protein. The natural cofactor and its ethyl derivative remained
refractory (neither activating or inhibitory) toward the
engineered and wildtype KDM4A, respectively, further
confirming a mutual orthogonality of the demethylase systems

(Figure S34). Finally, we examined the off-target activity of the
αKG analogues on endogenous histone demethylases (Figure
6C). Isolated nuclei from nontransfected cells were treated
with 100 μM of 2−9 and analyzed for key methylated lysine
sites in H3 (H3K4me3, H3K9me3, H3K27me3, and
H3K36me3). Upon comparison with untreated cells, no
noticeable changes in lysine methylation levels were observed
at these sites. This result further confirms the inertness of the
bulky αKG derivatives toward more than 20 human KDMs
that act on H3 and their selectivity toward the analogue-
sensitive demethylase variants.

■ CONCLUSIONS
Biochemical degeneracy of enzymes imparted by commonness
in fold, cofactor and catalytic mechanism constitutes a major
barrier in elucidating member-specific protein function. More
than 30 human KDMs along with other αKG-dependent
enzymes pose the same challenge in developing isoform-
specific small-molecule probes to unravel their functions with
temporal control. In this work, we explored an analogue-
sensitive “chemical rescue” strategy to resurrect an inactive
KDM mutant to perform native-like functions. The rationale
for such conditional enzyme activation lies in establishing,
rather than abolishing, degree-specific methylation patterns by
a given KDM in chromosomal histones. On the basis of our in
vitro study, we identified a conserved phenylalanine which acts
as a gatekeeper residue in the KDM4 subfamily. A space-
creating point mutation at this site rendered the mutant
ineffective toward canonical αKG, reminiscent of pharmaco-
logical and genetic perturbations. However, abiotic cofactors
carrying complementary steric appendages could sensitize the
“dead” mutants to restore demethylase activity, thus offering a
powerful tool for probing the biological function of degree-
specific lysine demethylation. The αKG analogues do not
interfere with the native KDM4s and other αKG-dependent
enzymes likely due to steric clash with the conserved
gatekeeper residue and hence can serve as chemical probes
for a specific allele. Given that the human genome rarely
encodes such analogue sensitive KDMs, the engineered system
is expected to be highly orthogonal across the KDM
superfamily. Detailed steady-state kinetic experiments showed
that the mutant−cofactor pairs are catalytically competent and
comparable to the wild type demethylases. Furthermore, the
engineered KDM4 was shown to act in tandem with histone
methyltransferase to modulate lysine methylation in full-length
histones. Finally, the αKG analogues activated the full-length
analogue-sensitive variant expressed in cultured human cells to
modulate the catalytic activity of a specific KDM4 allele on
chromosomal histones. Future experiments would involve
knock-in of KDM4 variants into the endogenous locus using
genome-editing tools for temporal manipulation of demethy-
lase members with cell-permeable αKG analogues. Further-
more, we predict extending the engineering platform to other
members of the αKG-dependent dioxygenase superfamily,
which are beginning to emerge as critical regulators of
mammalian gene expression.

■ METHODS
General Synthetic Methods toward αKG Analogues 2−9.

General Method for Alkylation Step. 2,2-Dimethoxyglutaric acid (1
equiv) was dissolved in THF and then cooled to −78 °C. A 1 M
solution of lithium bis(trimethylsilyl)amide in THF (1.2 equiv) was
added dropwise over 10 min. The reaction mixture was stirred at −78
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°C for 1 h. Next, R-Br, where R = alkyl, alkenyl, alkynyl, or aryl, was
added dropwise. The reaction was stirred overnight and allowed to
reach RT. The reaction was quenched by the addition of 10 mL of
saturated NH4Cl solution. The product was extracted with 20 mL of
ethyl acetate (three times). The organic layers were combined, dried
with Na2SO4, concentrated under reduced pressure, and purified via
flash chromatography using EtOAc−hexanes solvent system from
1:9−2:8.
General Method for Catalytic Hydrogenation. The protected and

alkylated products 15−19 were stirred to dissolve in 4 mL of ethyl
acetate, then Pd/C (10 mol % Pd) was added and the reaction was
degassed under a vacuum. A hydrogen balloon was connected to the
reaction flask, and the reaction was stirred at RT overnight. The
reaction was filtered through Celite and concentrated under reduced
pressure. The product was purified via flash chromatography with an
EtOAc−hexanes solvent system 1:8.
General Method for Deketalization. The fully protected and

alkylated product was dissolved by stirring in 1 mL of dichloro-
methane. To the stirring solution, 0.1 mL of water and 1 mL of
trifluoroacetic acid were added. The reaction mixture was stirred at
RT for 2 h. The reaction was neutralized then concentrated under
reduced pressure and purified by flash chromatography using an
EtOAc−hexanes solvent system generally at 1:5.
General Method for Ester Hydrolysis and HPLC Purification. Last,

1 equiv of dimethyl ester compounds was dissolved in MeOH/H2O
(1.2:0.8 mL). Solid LiOH (2.5 equiv) was added to the reaction and
stirred at RT for 2 h. The reaction was monitored with TLC. The
reaction was quenched and neutralized with the addition of 1 N HCl.
Methanol was removed from the compound under reduced pressure.
The compound was diluted with 1 mL of water and filtered through a
0.2 μm filter. The final product was obtained through HPLC
purification using a C18 column (Waters XBridge) and the following
method: solvent A = water; solvent B = acetonitrile; method 0 min,
5% B; 20 min, 50% B; 25 min, 95% B; with a flow rate of 4 mL/min
and UV was monitored at 210 nm. The purest fractions were collected
and concentrated first under speedvac to remove acetonitrile via
lyophilization. The syntheses of αKG analogues 2 and 6 are previously
reported.14

Synthesis and Purification of Peptides. Peptides were
synthesized by the University of Pittsburgh Peptide Synthesis Facility
(Table S4). The Peptide Synthesis facility desalted and sent crude
peptides for further purification. Crude peptides were reverse phase
HPLC purified on a Waters XBridge Prep C18 column with the
following method: solvent A = 0.1% trifluoroacetic acid, H2O; solvent
B = acetonitrile, 0 min, 5% B; 10 min, 55% B; 12 min, 95% B at 4
mL/min monitoring UV at 205 nm. The column was thoroughly
washed with 100% acetonitrile between runs, then equilibrated back
to starting conditions for 5 min. The purest fractions were collected
and concentrated first under speedvac to remove acetonitrile via
lyophilization. The peptides were reconstituted in H2O, and
concentrations were calculated from absorbance at 205 nm (A205,
taken ε205 = 30 L/(g cm)). MALDI-TOF of the final product
confirmed the purity of the peptide.
Synthesis and Purification of Oligonucleotides. The

oligonucleotides (Table S4) were synthesized using standard
phosphoramidite monomers obtained from Glen Research using
1H-tetrazole as an activator reagent in an Expedite Nucleic Acid
Synthesis System (PerSeptive Biosystems) with DMT-ON protocol.
5mC and m6A phosphoramidites were purchased from Glen
Research. Elongated (5 min for DNA and 30 min for RNA) coupling
times were used for the modified bases; for the standard bases, normal
(2 min for DNA and 13 min for RNA) coupling times were applied.
The DNA oligo was resuspended and incubated in ammonium
hydroxide (33% v/v) for 24 h at RT to cleave the oligo from solid
support and to deprotect the bases. The RNA oligo was cleaved from
the solid support using a 1:1 mixture of ammonium hydroxide and
methylamine (AMA); base deprotection was carried out by
incubating this mixture at 65 °C for 10 min. For TBDMS
deprotection, the AMA was first evaporated via Speedvac, and the
oligo was resuspended in 115 μL of DMSO. Then, 60 μL of

trimethylamine and 75 μL of trimethylamine-hydrofluoric acid were
added, and the solution was incubated for 2.5 h at 65 °C. The oligo
was quenched with RNA quenching buffer (Glen Research) and
purified via a Glen Pak purification cartridge according to the
manufacturer’s protocol. The elution buffer was evaporated, and the
oligo was resuspended in nuclease free water. Purity was checked with
MALDI, and no further purification steps were necessary. For DNA
oligonucleotides, preliminary purification and DMT deprotection
were carried out using a Poly PakII purification cartridge (Glen
Research) according to the standard protocol provided by the
manufacturer. Crude DNA oligonucleotides were purified by HPLC
using a C-18 column (solvent A, 0.1 M TEAA; solvent B, acetonitrile;
gradient for DNA, 0 min, 5% B; 10 min, 40% B; 15 min, 100% B with
a flow rate 4 mL/min; gradient for RNA, 0 min, 3% B; 20 min, 15% B;
25 min, 100% B with a flow rate 4 mL/min). The fractions were
collected and concentrated with a SpeedVac concentrator followed by
lyophilization and redissolved in RNAase free water. The quality and
purity of synthesized DNA and RNA was monitored by MALDI-
TOF-MS.

Mutagenesis, Expression, and Purification of αKG-Depend-
ent Dioxygenases. The N-terminal 6xHis-tagged human KDM4A-
jmjC domain (catalytic domain of KDM4A) bacterial expression
construct pNIC28-Bsa4 was obtained from Addgene (ID: 38846).
The expression and purification of the wild type enzyme and the
mutant generation followed the method reported earlier.14

The bacterial expression constructs carrying N-terminal strep-
tagged catalytic domains of human KDM4B and KDM4D jmjC were
kindly provided by Prof. Raymond Trievel, University of Michi-
gan.22,30 The expression and purification of the wild type enzyme and
the mutant generation followed by expression and purification were
reported earlier.14

The N-terminal 6xHis-tagged human KDM4C catalytic domain
construct for bacterial expression was a kind gift from Prof. Danica
Fujimori, UCSF.18 The resulting expression and purification of the
wild type enzyme and the mutant generation followed by expression
and purification were reported earlier.14

The N-terminal 6xHis-tagged KDM4E construct for bacterial
expression was purchased from Addgene (#38990). The wild type
KDM4E plasmid was transformed into E. coli BL21 (DE3) competent
cells (Invitrogen) using the pNIC28-Bsa4 kanamycin-resistant vector.
A single colony was grown overnight at 37 °C in 10 mL of Luria−
Bertani (LB) broth in the presence of 50 μg/mL of kanamycin and 35
μg/mL of chloramphenicol. The culture was diluted 100-fold and
allowed to grow at 37 °C to an optical density (OD600) of 0.8, and
protein expression was induced overnight at 17 °C with 1 mM IPTG
in an Innova 44 Incubator shaker (New Brunswick Scientific).
KDM4E was purified from pelleted cells by resuspending in lysis
buffer (50 mM Tris-HCl, pH 8.0, 200 mM NaCl, 5 mM β-ME, 10%
glycerol, 25 mM imidazole, lysozyme, Dase, and Pierce protease
inhibitor cocktail). The cells were lysed by sonication at 60 mA for 10
s on followed by 10 s off, for a total of 2 min. The cell debris was
pelleted at 13 000 rpm for 40 min. The soluble cell extracts were
incubated with Ni-NTA agarose resin (Thermo) according to the
manufacturer’s protocol. Beads were washed with 20 column volumes
of was buffer (50 mM Tris-HCl at pH 8.0, 200 mM NaCl, 10%
glycerol 5 mM β-ME, and 25 mM imidazole). Proteins were eluted
with five column volumes of elution buffer (50 mM Tris at pH 8.0,
200 mM NaCl, 5 mM β-ME, 10% glycerol, and 400 mM imidazole).
Proteins were next purified via size exclusion chromatography on an
AKTA pure FPLC system with 50 mM of Tris at pH 8.0, 200 mM
NaCl, and 10% glycerol. Fractions with pure protein were combined
and concentrated using a Sartorius Vivaspin 10 kDa centrifugal
concentrator. Bradford Dye (BioRad) was used to quantify the
protein concentration using BSA as a standard. The concentrated
proteins were aliquoted, flash frozen, and stored at −80 °C until use.
KDM4E variant F186G was generated using a QuikChange
Lightening site-directed mutagenesis kit (Agilent Technologies).
The resulting mutant plasmid was confirmed by DNA sequencing,
and the variant was expressed and purified as above.
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The plasmid constructs for the catalytic domain of KDM6B was
kindly provided by Prof. Christopher Schofield of the University of
Oxford.41 The resulting expression and purification of the wild type
enzyme was reported earlier.14

The plasmids for the catalytic domain of the m6A-RNA
demethylase FTO and 5mC demethylases TET2−3 were kind gifts
from Profs. Chuan He of the University of Chicago and Yanhui Xu of
the Fudan University, respectively.34,33 Wild type FTO and TETs and
were expressed and purified as stated earlier for N-6xHis tag
proteins.42,43

Expression and Purification of Formaldehyde Dehydrogen-
ase (FDH). The bacterial expression construct of N-terminal 6xHis-
tagged P. putida FDH in pET28 vector was obtained from the
Bhagwat laboratory at the Wayne State University.28 The resulting
expression and purification of the wild type enzyme and the mutant
generation followed by expression and purification were reported
earlier.14

Expression and Purification of SUV39H2. SUV39H2 for
bacterial expression in pET28a vector was obtained from Prof.
Minkui Luo at the Sloan-Kettering Institute. The protein was
expressed and purified as reported earlier.37

Expression and Purification of Histone H3. Gene sequence
encoding wild type Xenopus laevis histone H3 was a kind gift from
Prof. Minkui Luo at the Memorial Sloan-Kettering Cancer Center.
The resulting expression and purification of the protein were reported
earlier.14

MALDI Demethylase Activity Assay. As a measure of enzymatic
activity, an in vitro demethylase assay was employed followed by
MALDI-TOF for product observation.14,30 Each histone demethylase
assay sample included 10 μM enzyme, 10 μM peptide, 100 μM αKG/
analogues, 50 mM Tris at pH 8, 100 μM freshly prepared
(NH4)2Fe(SO4)2, and 2 mM freshly prepared L-ascorbic acid with a
total assay volume of 10 μL. Assay components were aliquoted and
the reaction was started by the addition of αKG analogues followed
by brief centrifugation and incubation at 37 °C for 30 min. One
microliter of the assay sample was mixed with 1 μL of α-cyano-4-
hydroxycinnamic acid matrix (dissolved in 1:1 ratio of 0.1% TFA
H2O/acetonitrile) directly on the MALDI plate. The sample was
ionized with Bruker FlexControl in the reflectron positive mode and
analyzed on Bruker FlexAnalysis software. The percent demethylated
peptide was calculated by first multiplying the K9me1 peak by 2 and
the K9me0 peak by 3 to account for the multiple demethylation
events on the peptide. The percent peak area was calculated, and the
K9me2, me1, and me0 peaks were summed to give the relative
percent of demethylated peptide. A negative control was provided for
each assay, which included all components of the assay except for
αKG.

For DNA demethylation, each assay sample included 10 μM
double-stranded DNA (5′-CAC-5mC-GGTG-3′), 50 mM HEPES at
pH 8, 100 mM NaCl, 100 μM (NH4)2Fe(SO4)2, 2 mM L-ascorbic
acid, 1 mM DTT (prepared freshly), 1 mM ATP, 10 μM TET2, and
100 mM Cofactors 1−9.33,44 The samples were incubated for 3 h at
37 °C. The TET3 assay was done similarly, but 500 mM αKG 1−9
was used. The samples were desalted using BT AG50W-X8 Resin
(BioRad, Cat # 143−5441). The DNA was analyzed via MALDI-TOF
in the reflectron negative mode using a 3-hydroxypicolinic acid (3-
HPA) matrix with ammonium citrate 1:9 (dissolved in a 1:1 mixture
of 0.1% TFA:Acetonitrile); a similar percentage product was
calculated by the procedure listed above. A negative control was
provided for each assay, which included all components of the assay
except for αKG.

For mRNA demethylation by FTO, each assay sample included 10
μM RNA synthesized to contain a full phosphorothioate backbone
with a methylated adenosine residue (m6A) (5′-CUG-G-m6A-CUG-
G-3′), 50 mM HEPES at pH 8.0, 150 mM KCl, 75 μM
(NH4)2Fe(SO4)2, 2 mM L-ascorbic acid, 10 μM FTO, and 100 μM
cofactors 1−9.34 After addition of the αKG analogues, the samples
were incubated at 37 °C for 30 min, and they were subsequently
quenched with 7.5 mM EDTA. The samples were prepared for the
MALDI-TOF readout by first incubating with AG50W-X8 desalting

resin and then spotted onto the MALDI plate with 2′,4′,6′-
trihydroxyacetophenone monohydrate and ammonium citrate 1:9
(dissolved in a 1:1 mixture of 0.1% TFA/acetonitrile). Percent
demethylated oligonucleotide was calculated by summing the percent
peak area of the demethylated oligo and the formylated adenosine
oligo peak. A negative control was provided for each assay, which
included all components of the assay except for αKG.

Coupled Fluorescence Assay. The catalytic efficiency of the
KDM4A WT and F185G mutant to αKG and the analogues was
determined by employing a coupled fluorescence assay. The
formaldehyde product of the demethylase assay was used as a
cofactor for FDH to reduce NAD+ to NADH, and the fluorescence of
NADH at 490 nm was monitored to calculate the amount of NADH
produced.28,30 The assay components were split into an enzyme
cocktail (containg 50 mM HEPES at pH 8.0, 100 μM (NH4)2Fe-
(SO4)2, 2 mM L-ascorbic acid, 200 nM FDH, and 1 μM KDM4A WT
or F185A) and a substrate cocktail (0−250 μM αKG (1−4 and 6−7),
1 mM NAD+, and 300 μM H3K9me3 peptide). The enzyme cocktail
was applied to a 384-well white Corning plate followed by the enzyme
cocktail. The plate was briefly centrifuged, and the accumulation of
NADH was monitored on a TECAN Infinite M1000Pro plate reader
(excitation = 340 nm, emission = 490 nm). The amount of NADH
produced was converted to micromolar H3K9me3, demethylated
using the NADH calibration curve. The initial rates of the reaction
were determined by plotting the data within the linear range on
GraphPad Prism software. The slopes of the reaction were fitted to
the Michaelis−Menten equation to determine the KM and kcat values.
These experiments were performed in duplicate.

NADH Calibration Curve. A NADH calibration curve was
generated to convert the fluorescence signal to the amount of NADH
present. Then, using the reaction stoichiometry of 1:1:1 for
[NADH]/[formaldehyde]/[H3K9me3], the amount of demethylated
peptide can be calculated. NADH (ACROS, cat #124530050) was
added to the assay buffer in varying concentrations (1−10 μM). The
assay buffer consisted of 50 mM HEPES at pH 8.0, 100 μM
(NH4)2Fe(SO4)2, 2 mM L-ascorbic acid, 1 mM NAD+, 200 nm FDH,
and 1 μM KDM4A. The assay was loaded onto a 384-well white
Corning plate in triplicate, and fluorescence intensity was read by a
TECAN Infinite M1000Pro plate reader (excitation = 340 nm,
emission = 490 nm).

Tandem Methylation-Demethylation on Full-Length His-
tone H3 and LCMS Analysis. Recombinant full-length H3 was first
trimethylated by SUV39H2. Each reaction mixture contained 2 μM
SUV39H2, 100 μM SAM, 20 μM H3, and tris at pH 8.0. SUVH39H2
trimethylated H3K9 in 5 min at RT, afterward SUV39H2 was
quenched with 2.5 μM small-molecule HMTase Inhibitor II and
chaetocin (EMD Millipore, #382191).45 Demethylation of full length
H3K9me3 was immediately carried out with the KDM4A assay. To
each reaction tube, 100 μM Fe(NH4)2(SO4)2, 1 mM ascorbic acid, 40
μM KDM4A F185G, and 1 mM αKG analogue were added, and the
assay was incubated at 37 °C for 1 h. The reaction was stopped by
placing the tubes on ice, and samples were submitted for LCMS.
Sample separation was performed by a Thermo Scientific Dionex
UltiMate 3000 UHPLC+ with a Thermo ProSwift RP-2H analytical
4.6 × 50 mm SS column using a multistep gradient with a flow rate of
0.2 mL/min and mobile phases A, 0.1% formic acid in HPLC grade
H2O, and B, 0.1% formic acid in HPLC grade acetonitrile (method: 0
min, 10% B; 1 min, 10% B; 21 min, 50% B; 22 min, 80% B, then
equilibrated back to 10% B). Samples were ionized using electrospray
ionization in positive mode, and ions were detected in Thermo
Scientific Q-exactive Orbitrap. Xcaliber 2.1 software was used to
analyze samples.

Demethylase Activity Assay on Isolated Nuclei. KDM4A
mammalian expression plasmid in the CMV vector was purchased
from addgene (plasmid #24180). The KDM4A F185G mutant was
generated using a Quikchange Lightening Mutagenesis Kit (Agilent)
according to the manufacturer’s protocol. HEK293T/17 cells
(ATCC) were grown in Delbucco’s Modified Eagle Medium
(DMEM; Corning) with 10% FBS at 37 °C, 5% CO2, and 95%
relative humidity. When cells reached 80% confluency, 5 μg of
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plasmid and 10 μg of lipofectamine 2000 (Invitrogen) were incubated
with 500 μL of Optimem (Gibco); after 5 min, the plasmid and
lipofectamine were combined and incubated at RT for 20 min. The
media were changed, and 1 mL of Optimem was added to the flask.
Cells were returned to the incubator to grow for 24 h. The media
were removed, and cells were washed with ice cold PBS (Corning),
then trypsinized with TrpLE Express (Gibco). The trypsinization
reaction was quenched with DMEM 10% FBS, and cells were pelleted
and then washed once with ice cold PBS. The nuclei were
immediately isolated; cells were resuspended in 500 μL of nuclear
isolation buffer (15 mM Tris at pH 7.5, 60 mM KCl, 15 mM NaCl, 5
mM MgCl2, 1 mM CaCl2, 1 mM DTT, 2 mM sodium vanadate, 1
mM PMSF, 250 mM sucrose, 1 × Pierce protease inhibitor, and 0.3%
NP40). Cells were incubated on ice for 5 min, then nuclei were
pelleted at 2000g for 5 min at 4 °C. The nuclear pellet was
resuspended in 100 μL of assay buffer (50 mM Tris at pH 8.0, 100
μM (NH4)2Fe(SO4)2, 2 mM ascorbic acid, 1 mM PMSF, and 1 ×
Pierce protease inhibitor). Ten microliters of the isolated nuclei were
aliquoted and incubated with 100 μM cofactors 2, 3, 4, 6, and 7 for 1
h at 37 °C with gentle shaking (300 rpm). The nuclei were lysed by
adding 0.2% NP40 and sonicating in a water bath (Q-sonica) for 5
min. Nuclear debris were pelleted at 2000g for 5 min at 4 °C. The
nuclear extracts were quantified with Bradford assay (Bio-Rad
laboratories) using BSA as a standard. Trimethylated histone levels
were analyzed by Western blotting with 30 μg of nuclear extracts.
Western Blotting. Nuclear extracts were separated on SDS-PAGE

and transferred onto a 0.2 mm supported nitrocellulose membrane via
a semidry blotting apparatus (Bio-Rad Laboratories) at a constant
voltage of 15 V for 30 min or via a wet blotting tank at 80 V for 1 h.
Membranes were blocked with 5% Bovine Serum Albumin (BSA) in
TBST buffer (50 mM Tris HCl at pH 7.6, 200 mM NaCl, 0.1%
Tween 20) for 1 h at RT with gentle shaking. The blocking buffer was
removed, and membranes were washed with TBST. Immunoblotting
was performed with diluted primary antibodies (H3K4me3, cat
#9751S, H3K9me3, cat #13969S, H3K36me3 cat #4909S, HA cat
#3724S, histone H3 as loading control cat # 9715, in a 1:1000
dilution from Cell Signaling Technology; host rabbit and H3K27me3,
cat #GTX50901, in a 1:400 dilution from GeneTex; host mouse) at 4
°C overnight with gentle shaking. The antibody solution was
removed, and the membranes were washed with TBST three times
for 5 min each, then incubated with 1:5000 dilute HRP-conjugated
secondary antibody goat anti-rabbit IgG (cat #7040 Cell Signaling
Technology) or goat anti-mouse IgG (cat #7076 Cell Signaling
Technology) for 2 h at RT. To remove the secondary antibodies, the
membrane was washed with TBST three times, 5 min each.
Subsequently, the membrane was incubated with Pierce ECL Western
Blotting Substrate (ThermoScientific cat # PI32160) following the
manufacturer’s protocol. The membrane was imaged on BioRad
chemidoc and analyzed with BioRad Image Lab software.
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