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ABSTRACT: Lysine-specific demethylase 1A (KDM1A/LSD1) is a FAD-
dependent enzyme that catalyzes the oxidative demethylation of histone
H3K4mel/2 and H3K9mel/2 repressing and activating transcription,
respectively. Although the active site is expanded compared to that of
members of the greater amine oxidase superfamily, it is too sterically
restricted to encompass the minimal 21-mer peptide substrate footprint.
The remainder of the substrate/product is therefore expected to extend
along the surface of KDM1A. We show that full-length histone H3, which
lacks any posttranslational modifications, is a tight-binding, competitive inhibitor of KDMIA demethylation activity with a K; of
18.9 + 1.2 nM, a value that is approximately 100-fold higher than that of the 21-mer peptide product. The relative H3 affinity is
independent of preincubation time, suggesting that H3 rapidly reaches equilibrium with KDMIA. Jump dilution experiments
confirmed the increased binding affinity of full-length H3 was at least partially due to a slow off rate (k.g) of 1.2 X 107 57/,
corresponding to a half-life (t;/,) of 9.63 min, and a residence time (7) of 13.9 min. Independent affinity capture surface plasmon
resonance experiments confirmed the tight-binding nature of the H3/KDMIA interaction, revealing a K4 of 9.02 + 2.3 nM, a k,
of (9.3 £ 1.5) X 10* M™' s7', and a kg of (8.4 + 0.3) X 107* s™". Additionally, no other core histones exhibited inhibition of
KDM1A demethylation activity, which is consistent with H3 being the preferred histone substrate of KDM1A versus H2A, H2B,
and H4. Together, these data suggest that KDM1A likely contains a histone H3 secondary specificity element on the enzyme
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surface that contributes significantly to its recognition of substrates and products.

hromatin condensation and relaxation and the dynamic

control of gene expression are regulated by posttransla-
tional modifications (PTMs) of histone proteins by epigenetic
enzyme complexes.”” Dysregulation of histone-modifying
enzymes within these complexes underscores several disease
pathologies, including cancers.” As such, this class of enzymes
has become the subject of intense inquiry for their potential
role as targets for therapeutic intervention. Among these PTMs
is histone lysine methylation, a mark that is intimately linked to
both transcriptional activation and repression.”

Although evidence of enzymatic demethylation of histones
would arise with the work of Paik and Kim in 1973, it would
not be until almost four decades later that an enzyme directly
responsible for this activity would be uncovered. The isolation
and characterization of lysine-specific demethylase 1A
(KDM1A4, also known as LSD1/AOF2/BHC110/KIAA0601/
pl10b) by Shi and co-workers provided direct evidence that
histone lysine methylation was, in fact, a reversible mark.®
KDMIA is a flavin-dependent amine oxidase that catalyzes the
removal of methyl groups of mono- and dimethylated lysine
residues at positions 4 and 9 on histone H3 (H3K4mel/2 and
H3K9mel/2, respectively).””® From N- to C-terminus,
KDMIA is composed of an unstructured region that contains
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the nuclear localization signal”'® and three structured domains:
a SWI3p, Rsc8p, and Moira (SWIRM) domain, an amine
oxidase domain (AOD), and an unprecedented intervening
domain within the AOD colloquially known as the tower
(Figure IA).H’12

More specifically, the tower domain of KDM1A is composed
of two antiparallel a-helices (termed TaA and TaB) that form
a coiled coil and extend approximately 100 A from the AOD
(Figure 1B).'""” Functionally, this domain is the site of
association with the corepressor of the REl-silencing tran-
scription factor (CoREST, also known as CoREST1/RCOR1/
KIAA0071) as well as several homologous proteins (Figure
1B)."””™"° Interestingly, CoREST endows KDMIA with the
ability to demethylate nucleosomal substrates as a noncatalytic
domain donor with DNA binding ability bridging the gap
between KDMIA and its substrates.">™"° On the other hand,
the SWIRM domain of KDM1A, which is found in multiple
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Figure 1. Domain and structural overview of KDM1A and CoREST. (A) Domain maps of KDM1A and CoREST1. For KDM14, the SWIRM
domain is colored green, the AOD blue, and the tower domain magenta. For CoREST, the linker is colored orange and SANT2 cyan. The ELM1
and SANT1 domains are colored gray because of the lack structural information. (B) Structural overview of KDMIA in complex with CoREST-C
(residues 286—482). The coloring scheme follows that of the domain maps above; FAD is colored yellow, and N- and C-termini are labeled (PDB

entry 2IWS).

chromatin-associated proteins,”’ is a bundle of a-helices with a
central helix that is joined by two smaller helix—turn—helix
motifs (Figure 1B)."" Moreover, consistent with other flavin-
dependent oxidoreductases, the AOD of KDMIA houses a
noncovalently bound flavin adenine dinucleotide (FAD)
cofactor and can be further subdivided into an expanded
Rossman fold for cofactor binding and the substrate-binding
lobe (Figure 1B).!>"S Although these characteristics group
KDMIA into the larger family of flavoenzymes, the structure of
the AOD does contain unique features because of the
functional activity of the enzyme.

As compared to other amine oxidases, KDMI1A contains a
more expansive substrate-binding cavity (~124S A®) that is
suggested to complement its broad substrate specificity,
including non-histone proteins.'»*" Additionally, although
KDMIA requires a peptide substrate of at least 21 residues
representing the N-terminal portion of histone H3 for efficient
catalysis,” the active site cavity is too sterically restricted to
accommodate this entire fragment.'” In efforts to decode
substrate specificity, several groups have cocrystallized peptides
with KDMIA that revealed two main conformations.”’” >’
Interestingly, the conformations result in the C-terminus of the
peptide exiting the active site in different orientations. Further
confounding these results, Luka and co-workers recently
determined a structure of KDMIA in complex with
tetrahydrofolate and suggested that the cofactor may sterically
disrupt one of the observed binding conformations.*® Prior to
this finding, several groups have suggested that KDMIA

substrates exit the active site and extend along a conspicuous
surface groove along the SWIRM/AOD interface aiding in
substrate binding and recognition.' "' >*7*

Consistent with this hypothesis, mutations to residues that lie
within this groove greatly reduce or abrogate the catalytic
efficiency of KDMIA."" Additionally, Tochio and co-workers
demonstrated via surface plasmon resonance (SPR) studies that
an isolated SWIRM domain of KDM1A is able to bind the N-
terminal tail of histone H3.” Confounding these results,
however, a 30-mer H3 peptide substrate showed no apparent
chan§e in catalytic efficiency when compared to that of a 21-
mer.”> Additionally, none of the structural studies listed above
revealed electron density in the cleft along the SWIRM/AOD
interface, raising the question of whether this phenomenon
exists and if so where the secondary binding site resides.

Herein, we describe the kinetic analysis of full-length histone
products against KDMIA as a preliminary investigation to
determine whether the enzyme recognizes additional residues
of these species as compared to truncated peptide analogues.
We now show by several different experimental approaches that
histone H3 is a tight-binding, competitive inhibitor of KDMIA
demethylation activity and has an affinity 100-fold higher than
that of the 21-mer peptide product. We suggest that the
potency of H3 inhibition is at least partially due to the slow off
rate of the full-length product, as jump dilution experiments
reveal a discernible half-life of the H3/KDMIA binary complex.
As suspected, no other histone proteins inhibit KDMIA
demethylation activity. Together, these results suggest that
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KDMIA contains a secondary histone H3-binding site on the
enzyme surface that adds a perceived level of complexity to
KDMIA product and substrate interactions. Additionally, our
work further validates the suggested role of KDMIA as a
contributor to the stabilization of associated multiprotein
complexes within genetic loci.

B EXPERIMENTAL PROCEDURES

Reagents and Materials. The clone of Homo sapiens
protein KDMIA (UniProtKB accession no. 060341; residues
151—852) was codon optimized for expression in Escherichia
coli and synthesized by GenScript (Piscataway, NJ). The pDB-
HisGST expression vector was obtained from the DNASU
Plasmid Repository. Buffer salts were obtained from Sigma,
EMD Millipore, and J. T. Baker. trans-2-Phenylcyclopropyl-
amine hydrochloride salt (2-PCPA), 4-AAP, and 3,5-DCHBS
were obtained from Sigma. Protein purification was conducted
using an AKTA FPLC system (Amersham Biosciences).

Expression and Purification of nA150 KDM1A. The
gene encoding nA150 KDM1A was subcloned into a pET-15b
vector (Novagen) containing an N-terminal six-His tag with an
intervening thrombin cleavage site, utilizing Ndel and Xhol
restriction sites. The clone was expressed and purified as
previously reported with minor modifications (see the
Supporting Information for a detailed procedure)."”** The
final concentration of KDMIA was routinely determined by
UV absorption spectroscopy using an extinction coeflicient of
10790 M™! em™ at 458 nm, which was determined after
protein denaturation using 0.3% (w/v) SDS.>!

Expression and Purification of His-GST-CoREST-C. The
gene encoding CoREST-C (CORESTI/RCORI; UniProtKB
accession no. QQUKLO; residues 286—482) from H. sapiens was
subcloned into a pDB-HisGST expression vector, containing an
N-terminal six-His tag and GST tag with an intervening tobacco
etch virus protease (TEV) cleavage site, utilizing Ndel and
Xhol restriction sites. The clone was expressed and purified as
previously reported with minor modifications.”> Following
IMAC, fractions containing His-GST-CoREST-C were exten-
sively dialyzed against GST-PBS dialysis buffer [137 mM NaCl,
2.7 mM KCl, 10 mM Na,HPO,, 1.8 mM KH,PO, (pH 7.4),
and S mM SME] overnight in 3.5 kDa MWCO SnakeSkin
dialysis tubing (Thermo Scientific) and applied at a rate of 0.1
mL/min to 10 mL of Glutathione Sepharose 4 Fast Flow resin
(GE Healthcare). The column was washed at a rate of 2.0 mL/
min with 5 column volumes (CV) of GST-PBS dialysis buffer
followed by 10 CV of TEV cleavage buffer [SO mM Tris-HCl
(pH 7.8), 150 mM NaCl, and 1 mM dithiothreitol (DTT)].
GST tag cleavage was performed by incubating column-bound
protein in a 0.1:1 ratio of seven-His TEV (S219V), prepared by
previously described methods,” to column bound protein
overnight. Eluted CoREST-C was pooled and supplemented
with 5 mM imidazole and passed over IMAC resin equilibrated
with 50 mM Tris-HCl (pH 7.8), 150 mM NaCl, and 5 mM
imidazole to remove TEV protease. Samples containing
CoREST-C were pooled and concentrated using 5 kDa
MWCO Vivaspin 20 centrifugal filters at 2000g. Samples
were aliquoted, flash-frozen in liquid N,, and stored at —80 °C.
This method routinely provides protein at >90% purity as
assessed by SDS—polyacrylamide gel electrophoresis (PAGE)
and with typical yields of 1.5 mg/L of culture as determined by
the Bradford method.

Expression and Purification of His-GST-CoREST-Link-
er. The coding sequence of the linker region of CoREST

(residues 293—380) was extracted and amplified by using
polymerase chain reaction with a forward primer (5'-GCGC-
ATATGGTCAAAAAAGAAAAACATAGC-3’) and a reverse
primer (5-GCGCTCGAGTTAATTACATTTCTGAATGA-
CC-3’) under the following conditions: an initial denaturation
step for 2 min at 95 °C, 30 cycles of denaturation for 30 s at 95
°C, annealing for 30 s over a gradient from 54 to 65 °C,
elongation for 1 min at 72 °C, and a final elongation step for 10
min at 72 °C. The primers were designed to contain Ndel and
Xhol restriction sites at the N- and C-termini, respectively, to
allow for facile ligation into the pDB-HisGST expression
vector. The resulting His-GST-CoREST-Linker construct was
expressed and purified as described above for His-GST-
CoREST-C.

Purification of KDM1A/CoREST Complexes. Purified
CoREST constructs were mixed with KDM1A in a 1.5:1 molar
ratio and allowed to incubate for 1 h on ice. Incubated samples
were then purified using a HiPrep 26/60 Sephacryl S-200 HR
(GE Healthcare) column equilibrated with 25 mM HEPES-Na
(pH 7.4), 200 mM NaCl, and 1 mM $ME and eluted at a flow
rate of 0.7 mL/min. The elution peaks had retention volumes
that corresponded to the molecular weight of the complexes.
Formation was further verified by SDS—PAGE. Complexes
were stored at —20 °C in gel filtration buffer with a final
concentration of 40% glycerol.

Expression and Purification of Histone Proteins.
Expression and purification of core histone proteins were
conducted by combining two previously reported methods with
minor modifications (see the Supporting Information for a
detailed procedure).”*** The concentration of the histone
proteins was determined by the Bradford method incorporating
a standard curve slope correction factor that took into account
the relative content of His, Arg, and Lys residues versus the
BSA standard.*® Additionally, protein concentration and
standard curves were determined by analysis of the ratio of
absorbance at 595 and 466 nm.”’

Synthesis and Purification of Histone H3 Substrate
and Product Peptides. A peptide corresponding to the first
21 amino acids of the N-terminal tail of histone H3 that
incorporated a dimethylated lysine at residue 4 (H3K4me2' ")
was synthesized and purified as previously described.*>** The
unmodified 21-mer histone H3 product peptide (H3'™') was
synthesized and purified in a similar fashion. A C-terminal GYG
was added to both the substrate and product peptides to allow
for quantification of the peptide concentration at 280 nm, using
an extinction coefficient of 1490 M~ cm™ for tyrosine.””*>*”

Steady-State Kinetic Assays. Steady-state kinetic assays
employing continuous fluorescence or absorbance-based
methods for detection of enzymatic peroxide production
(Figure S1) were performed as previously described with slight
modifications (see the Figures S2 and S3 for details).’”*®

KDMI1A tolerance for 3-[(3-cholamidopropyl)-
dimethylammonio]-1-propanesulfonate (CHAPS) and dimeth-
yl sulfoxide (DMSO) was assessed to confirm the usable range
of additives (Figure S4). DMSO seemingly increases the initial
velocity of KDM1A within 2-fold under 10% (v/v) DMSO.
The CHAPS concentration for disruption of nonspecific
aggregation effects was kept at 0.01% (w/v) in inhibitor
analyses. For all IC;, titrations, unless otherwise noted, the
substrate concentration was held at or near the apparent K,
(K,*?) to ensure an equal population of the free enzyme and
ES complex was available for inhibitor interactions.*”*'
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Steady-State Kinetic Data Analysis. Steady-state kinetic
data were analyzed using GraphPad Prism 6.0 (GraphPad
Software, San Diego, CA) or Grafit 4.0 (Erithacus Software,
London, U.K.). Briefly, the no enzyme control (n = 3) was
subtracted from all data sets. Data were then forced through the
origin by subtraction of the initial time point and responses
converted to concentration units of H,O, (micromolar). Initial
velocities were calculated via linear regression, and responses
were limited to within 10% total product conversion. Initial
velocities were then plotted versus substrate concentrations and
fit to the Henri—Michaelis—Menten equation (eq 1)** utilizing
nonlinear regression analysis:

Vi S]

max

vy = ———

K, + [S] (1)
where v, is the experimental initial velocity, [S] is the substrate
concentration, V. is the maximal velocity at the utilized
enzyme concentration, and K, is the substrate concentration at
half-maximal velocity.

Dose—response curves were prepared by comparing initial
rate data at specified inhibitor concentrations to a no inhibitor
control and fit directly to eq 2:
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where v, is the initial velocity of the control, v; is the inhibited
initial velocity, [I] is the inhibitor concentration, ICs, is the
inhibitor concentration at which the rate of demethylation is
half that of the control, and 4 is the Hill coeflicient of the curve
(slope factor).

The K; of reversible, competitive inhibitors was determined
by a titration of inhibitor versus substrate followed by global
fitting of the data to eq 3:
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where K; is the equilibrium inhibitory constant.
As a secondary determination of K;, we used the Cheng—
Prusoff relationship for competitive inhibition:**

ICgy = K{l + ﬂ)
K

m

(4)

where ICy, is the inhibitor concentration at which the rate of
demethylation is half that of the control as defined above in eq
2.

To define the apparent K; (K;*?) value of inhibitors that fall
in the tight-binding regime (i.e., <10[E]1), dose—response data
were fit to Morrison’s quadratic equation for tight-binding
inhibition:**

_ [Elp + [I]; + K™ - \/([E]T + [ + K*)* — 4[E];[1];
2B

()

where [I]; is the total inhibitor concentration, K*? is the
apparent equilibrium dissociation constant for the enzyme/
inhibitor complex, and [E]; is the total enzyme concentration.

As a secondary determination of K;*?, data were transformed
for analysis via a Henderson plot™ and fit to the following
linear expression:

LV - Kiapp(ﬁ) + [E]

1 - 2
vy 1

(6)

The IC;, dependence on enzyme concentration for
confirmation of the tight-binding nature of the inhibitor and
as an additional means to determine K*P was fit to the
following equation:

IC,, = K;"** + m[E]; (7)

where m is the linear slope.

To determine the equilibrium inhibitory constant (K;) of
tight-binding competitive inhibitors, data were fit to the
following equation:

IC,, = K{l + E{S—]) + %[E]T

m

(8)

Determination of Rates of Dissociation of H3 from
KDM1A. Rates of dissociation for the H3/KDMIA binary
complex were determined by monitoring the recovery of
activity following a 1 h preincubation that included SOK;** of
histone H3 (3.0 uM) and 100[E] (2.5 uM KDMI1A) to ensure
saturation of enzyme®® (note that H3'™! and 2-PCPA were
incubated at 10IC, because they do not display tight-binding
characteristics, 50 and 200 uM, respectively). Preincubated
samples were diluted 100-fold into assay buffer containing 5K,
of H3K4me2' ! peptide substrate (25 uM), S0 uM Amplex
Red, and 1 unit/mL HRP. Product was monitored continuously
using an absorbance maximum at 572 nm for resorufin.
Progress curve data were fit to eq 9 to generate kg
hTh (1 — e™') 4+ background
obs (9)

where v; and v, represent the initial and steady-state velocities,
respectively, k,, is the apparent first-order rate constant for the
transition from v; to v, and t is time. Under the experimental
conditions used, k., approximates the dissociation rate
constant (ko) of the enzyme/inhibitor complex. The
enzyme/inhibitor dissociation halflife (t;,,) was calculated
using the formula t,,, = 0.693/k.g and the residence time ()
was calculated using the equation 7 = 1/kyg

Surface Plasmon Resonance (SPR) Measurements. All
SPR measurements were taken using a BIAcore 3000
instrument, and data analyses were performed using BIAevalua-
tion version 4.1 (BlAcore). An anti-histone H3 antibody
(Abcam, ab1791) was immobilized [<3000 response units
(RU)] on a research grade BIAcore CMS chip using EDC-
sNHS coupling chemistry with reagents obtained from BIAcore
according to the manufacturer’s protocol. In a parallel flow cell,
an anti-lysozyme antibody (Abcam, ab2408) was immobilized
(<2800 RU). During the screening experiments with degassed
50 mM sodium phosphate (pH 7.4) and 1 mM DTT as a
running buffer, H3 and lysozyme were injected over
immobilized antibodies in respective flow cells for 2 min at a
flow rate of 30 yL/min and washed with running buffer until
sensograms equilibrated. KDM1A was then injected for 2 min
at a flow rate of 30 uL/min to monitor the binding interaction.
The surfaces were regenerated via injection of 10 uL of glycine
(pH 2.0) at a flow rate of 50 yL/min. The response from the

y=uyt+
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KDMI1A/lysozyme/anti-lysozyme antibody surface was used to
subtract out the background (nonspecific) signal. The K, value
of the H3/KDMI1A interaction was measured via injection of
KDMIA for 2 min at various concentrations ranging from $.0
to 50.0 nM. Global curve fitting to the 1:1 Langmuir binding
model was used to determine the association (k) and
dissociation (k) rates and the apparent equilibrium
dissociation constant (Kj).

B RESULTS

CoREST (CoREST1/RCOR1) Does Not Alter the Cata-
lytic Efficiency of KDM1A toward Minimal Peptide
Substrates. KDM1A requires a minimal substrate correspond-
ing to the first 21 residues of the N-terminal histone H3 tail for
efficient demethylation activity.”* Although the enzyme itself is
sufficient for demethylation of peptide and histone substrates,
activity toward nucleosomes in vitro is regulated by its
interaction with CoREST, the minimal portion of which
contains the linker and SANT2 domain or possibly the SANT1
domain.">'*'® As such, we wanted to evaluate KDMIA activity
toward a peptide substrate in the presence and absence of
various CoREST constructs to determine the degree to which
the partner influenced its catalytic activity and/or affinity for its
substrates. Kinetic parameters and representative data for
KDMIA activity in the presence of equimolar CoREST are
listed in Table 1. Of the complexes tested, KDM1A/CoREST-

Table 1. Representative Steady-State Kinetic Parameters of
KDMIA and Differential KDM1A/CoREST Complexes
Using an H3K4me2' ! Peptide Substrate

K P k. PP/K, P
K.®P (uM) (min™t) (uM™ min!)
nA150 KDM1A“ 446 + 0.27 6.00 + 0.07 135 £ 0.25
nA150 KDM1A/ 8.89 + 0.65 942 + 0.10 1.06 + 0.37
CoREST-Linker”
nA150 KDM1A/ 8.14 + 0.52 9.54 + 0.09 1.17 + 0.30

CoREST-C*

“In 50 mM HEPES-Na (pH 7.5), 125 uM 4-AAP, 1.0 mM 3,5-
DCHBS, 300 nM E, and 1 unit/mL HRP at 25 °C in air-saturated
buffer; peptide titrated from S0 4#M to 0 in a 2-fold dilution series (n =
3).

Linker (residues 293—380) and KDM1A/CoREST-C (residues
286—452) showed only a very modest 1.5-fold increase in the
initial velocity as compared to that of KDMI1A. Despite this
enhanced velocity, the complexes maintained nearly identical
catalytic efficiencies because of a proportional increase in the
apparent K. We should note that our derived kinetic values are
in reasonable agreement with previously reported values with
and without CoREST."**?%%°

H3"2" Is a Competitive Inhibitor of KDM1A Deme-
thylation Activity. To provide a basis for comparison of full-
length products, we first reconfirmed the inhibition modality
and potency of the peptide products of the enzymatic reaction
(Figure SS). The unmodified peptide product representing the
first 21 residues of histone H3 (H3'"') has previously been
reported to be a competitive inhibitor of KDM1A activity with
a K, of 1.8 + 0.6 uM.” To eliminate any potential deleterious
nonspecific aggregation effects, we utilized 0.01% (w/v)
CHAPS in our assay buffers.”” Dose—response curves of
H3'"?! showed an average ICg, of 4.84 + 0.16 uM for KDMIA.
The potency and mechanism of inhibition of H3'™' toward
KDMIA were determined through a double titration of

inhibitor ([I] that gives 30—75% activity as determined by eq
2) versus the substrate followed by global fitting of the data.
The data were fit to models of competitive, uncompetitive, and
noncompetitive inhibition and were best described by a
competitive model, as determined by F-test analysis. The
double titration revealed a K; of 1.77 + 0.08 uM. Subsequent
reciprocal transformation and Lineweaver—Burk plot analysis of
the data also fit the pattern to competitive inhibition, resulting
in a series of nested lines intersecting at a single y-intercept.
Additionally, a secondary plot of apparent K, versus [I] also
revealed a K of 1.84 + 0.14 uM, while the Cheng—Prusoft
relationship for competitive inhibition yielded a value of 2.07 +
0.07 uM.* In our hands, the competitive nature of the product
peptide and potency is nearly identical to that previously
reported.

The H3/KDM1A Interaction Reaches Rapid Equili-
brium. With the relative affinity and competitive nature of the
unmodified peptide product reassessed, we looked to
investigate the full-length H3 product (H3'™'*). As an initial
test of potency, we assessed the dose—response curve of H3
inhibition of KDM1A-mediated demethylation of a peptide
substrate. The initial rates as a function of H3 do not appear to
be curvilinear in nature and are best fit by linear regression
(Figure 2A). This suggests that the degree of inhibition at a
fixed concentration of H3 does not vary over time and the
interaction is not slow binding in nature. However, in some
cases, the establishment of the enzyme—inhibitor equilibrium is
much slower than the course of the assay.

To assess this potential explanation for the increase in the
observed binding affinity, we preincubated KDMI1A with H3

A

- 218 uM
- 728uM
3 - 243uM
2 -~ 0.81uM
s —— 027 uM
z -4 0.09 uM
-e- 0.03uM
-8 0.01uM

Time (sec)

VilVo

101 102 108 104 10°
[H31-135] (nM)

Figure 2. Investigation of the time dependence of inhibition of full-
length histone H3 against KDM1A as monitored in a fluorescence-
based HRP coupled assay. (A) Linear fit of the initial velocity of
KDMIA in the presence of increasing concentrations of histone H3
with no preincubation prior to assay initiation and H3K4me2'™'
substrate held at the apparent K,,. (B) Investigation of ICy, values with
preincubation of KDMIA in the presence of full-length H3 prior to
assay initiation into a substrate solution showing no apparent time
dependence with an average of 153 + 26 nM ([E]; = 175 nM).
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Figure 3. Inhibition profiling of full-length histone H3 against KDM1A as monitored in fluorescence-based HRP-coupled assay reveals the tight-
binding nature of the interaction. (A) Concentration—response plot of H3 (1.5-fold dilution series from 30-fold [E];) against KDMIA fit to
Morrison’s equation revealing a K;*? of 59.1 + 6.0 nM. (B) Plot of ICyj as a function of [E] measured over a range of KDM1A concentrations from
88.9 to 400 nM generating a K of 61.2 + 5.8 nM. (C) A plot of ICs, as a function of [S]/K,, over a range of concentrations from 0.156K,, to
10.0K,,, is best fit to a competitive model generating a K; of 18.9 + 1.2 nM. (D) A plot of IC, as a function of NaCl concentration from 0 to 150 mM

suggests that the H3/KDMIA interaction is ionic in nature.

for specified times and then initiated the assay. We observed no
significant change in ICyj as a function of time even with long
preincubation times of up to 1 h. Analysis of the dose—
response curves resulted in an average ICs, of 153 + 26 nM
([E]r = 175 nM) (Figure 2B), a value within the theoretical
tight-binding limit of the assay. As there was no change in the
average IC; as a function of time, and the initial velocities as a
function of [I] appear to be linear, we suggest that H3 and
KDMIA reach rapid equilibrium under the assay parameters
utilized. However, one cannot rule out the possibility that the
time-dependent transition occurs at a rate that is faster than the
detection limits of the assay used.

We should note that as controls we tested the activity of
HRP in the presence of increasing concentrations of full-length
histone H3. Hydrogen peroxide (2.5 4uM) and HRP (1 unit/
mL) were set at fixed concentrations and titrated against H3. In
this assay, HRP retained all of its activity even at the highest
concentrations tested (Figure S6A). Additionally, H3 was
tested for its ability to quench resorufin-derived fluorescence
and absorbance as well as quinoneimine dye-derived
absorbance (Figure S6B,C). In this assay, peroxide was titrated
against fixed HRP and H3 to establish standard curves of
responses versus peroxide concentration. Even at the highest
concentrations of H3 tested, these assays showed no statistical
difference between standard curves prepared in the presence
and absence of H3. These controls strongly suggest that the
inhibitory activity realized in the demethylation assays was
solely due to the H3/KDMIA interaction.

Full-Length Histone H3 Is a Tight-Binding, Compet-
itive Inhibitor of KDM1A. As noted above, the average ICg,
of full-length H3 toward KDMI1A appears to be within the
theoretical tight-binding limit (i.e., <10-fold [E]1). Therefore,
to assess the apparent affinity of H3 for KDMIA, we first
conducted a titration of H3 at a starting point of 30-fold [E]y in

a 1.5-fold dilution series.”® Data were fit to the Morrision
quadratic equation for concentration—response data for tight-
binding inhibitors (eq S), resulting in a K;** of 59.1 + 6.0 nM
(Figure 3A). Data were additionally analyzed via a Henderson
plot revealing a Ki*? of 103.4 + 4.47 nM that was consistent
with“the tight-binding nature of the H3 interaction (Figure
§7).*%

One of the hallmarks of tight-binding ligands is the
dependence of ICs, on enzyme concentration (eq 7).*
Therefore, to further confirm the tight-binding nature of full-
length H3, we assessed the effect of enzyme concentration on
ICso. Here, the enzyme at differential concentrations was
titrated against histone H3 with a fixed concentration of
peptide substrate held at the apparent K, (Figure 3B). Linear
regression of the data resulted in a K{*? of 61.2 & 5.8 nM. This
analysis again confirmed the tight-binding nature of the H3/
KDMIA interaction that leads to complications upon assess-
ment of ligand modality.

Because the potency of H3 is near the concentration of
KDMIA used in the assays, standard mechanism of inhibition
determination through double titration of the inhibitor
followed by global fitting of the data is precluded. Instead,
the ICy, values determined at several substrate concentrations
were plotted against the [S]/K,, ratio (0.156K, to 10K,)
(Figure 3C). The data were fit to models of competitive,
uncompetitive, and noncompetitive inhibition and were best fit
by a competitive model as determined by F-test analysis. A K; of
189 + 1.2 nM was observed. This K; is a nearly 100-fold
increase in binding affinity toward the free enzyme as compared
to that of the peptide product described above.

To determine if the binding affinity of H3'™'** was primarily
either electrostatic or hydrophobic in nature, an ICsj shift assay
was completed with increasing NaCl concentrations. At higher
ionic strengths, the potency of H3'™'% toward KDMIA in the
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demethylation assay decreased (Figure 3D). On the basis of
these data, we suggest that the interaction of H3'"™13 with
KDMIA is likely to be mostly electrostatic in nature. It is
interesting to note that KDM1A showed negligible activity over
background at 300 mM NaCl (data not shown). Therefore, as a
control experiment, we repeated the titration of H3'™'*® against
HRP in the presence of H,0O, and 300 mM NaCl, and activity
was unaffected (data not shown). We can therefore conclude
that the binding of KDMIA to the peptide substrate
H3K4mel/2'72! is also electrostatic in nature, which was also
postulated by Forneris and co-workers.””

The Histone H3/KDM1A Binary Complex Has an
Observable Residence Time. To confirm the reversibility
of inhibition and to determine the off rate (ko) of full-length
H3 binding, rapid dilution experiments in which the enzyme
and inhibitor were preincubated for 1 h were conducted. The
enzyme/inhibitor complex was then diluted 100-fold into assay
buffer containing the peptide substrate, coupling enzyme, and
chromophore. Reaction progress curve data show that KDM1A
activity slowly recovers over time (,/, = 9.63 min) (Figure 4).

0.3

-0~ H350xto 0.5x KPP >
[ —— 2-PCPA 10xto 0.1xICg,

0.2

[H,0,] (uM)

0.1

Ay

50 100 150 200

0. L A4

Time (sec)

Figure 4. H3/KDMIA binary complex with an observable residence
time. KDMIA (2.5 uM) and H3 (3.0 1M, SOK**) or 2-PCPA (200
UM, 10IC,,) were incubated for 1 h followed by 100-fold dilution into
assay buffer containing 25 M peptide substrate, SO M Amplex Red,
and 1 unit/mL HRP. The recovery of enzyme activity was monitored
over time by monitoring the resorufin-derived absorbance at 572 nm.
Histone H3’s inhibition of KDMI1A is slowly reversible with an off rate
of 1.2 X 107 s™! as compared to that of 2-PCPA, for which the activity
was not recovered.

In control experiments using the H3 product peptide (H3'™*'),
the progress curve appears to be linear, as there is no
distinguishable delay in the recovery of activity (Figure S8).
Additionally, t,, could not be defined by the data, suggesting
that this interaction is rapidly reversible (Table 2). We also
used 2-PCPA as a mechanism-based irreversible inhibitor
control,®® in the presence of which KDM1A did not recover
activity as expected (Figure 4). The jump dilution experiment
confirms the long residence time and reversibility of the H3/
KDMI1A interaction.

Surface Plasmon Resonance (SPR) Measurements. To
confirm the tight-binding interaction between KDMIA and full-
length H3 independent of catalysis, we turned to SPR
measurements. Here, an antibody specific to the C-terminus
of histone H3 was covalently immobilized on the chip surface
as the capturing antibody to which H3 was immobilized. This
experimental setup allowed subsequent analysis of the H3/
KDMIA binding interaction (Figure SA). As shown in Figure
5B, the increase in response units over time represents the
amount of KDMIA bound to the antibody-immobilized histone

Table 2. Inhibition Constants for Full-Length Histones and
Histone Peptides against KDM1A“

ICy, K; residence time half-life
entry  (nM)  (aM) kg (s7) (7) (min) (ti/2) (min)
H3'™' 4840 1770 ND ND ND
H3 153 189 12 x 1073 13.9 9.63
H4 N/A - - - -
H2A N/A - - - -
H2B N/A - - - -

“N/A means not applicable; therefore, entry did not effectively inhibit
KDMIA. IC, values were determined at 5.0 uM (~K,*?) KDM1A
and 175 nM KDMIA. ND means not determined; therefore,
inhibition was rapidly reversible. Residence time was calculated with
the formula 7 = 1/k.g assuming that the dilution is large enough that
the rate of compound rebinding is assumed to be insignificant. Half-life
was calculated with the formula t,,, = 0.693/kg.

A Flow
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T
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Figure S. Surface plasmon resonance experiments independently
confirm the tight-binding nature of the H3/KDMIA interaction. (A)
Diagram of the experimental setup in which the anti-H3 antibody was
covalently immobilized to the chip surface to capture histone H3.
KDMIA was subsequently injected over the chip surface to monitor
binding. (B) Response curves obtained during and after injection of
KDMIA over the antibody-immobilized H3 chip surface. Global curve
fitting of sensograms reveals an association rate constant (k,,) of (9.3
+0.3) X 10* M~! 57! and a dissociation rate constant (k) of (8.4 +
0.3) X 10™* 57" that were used to calculate a dissociation constant (Kj)
of 9.02 + 2.3 nM.

H3. This response is proportional to the association rate
constant (k,,) of (9.3 + 1.5) X 10* M’ s™'. After the
association of KDMI1A and immobilized H3, additional buffer
was injected over the flow cell to dissociate the bound enzyme.
This analysis yielded a dissociation rate constant (k.g) of (8.4 +
0.3) X 10™* s7'. These calculated rate constants result in an
equilibrium dissociation constant (K3) of 9.02 + 2.3 nM that is
within approximately 2-fold of that calculated in the continuous
assay. This technique independently confirmed that the
interaction between KDMI1A and H3 has a Kj in the low
nanomolar, tight-binding range and is suggestive of a 1:1
stoichiometry. Additionally, the off rate determined from this

DOI: 10.1021/acs.biochem.5b01135
Biochemistry XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.5b01135/suppl_file/bi5b01135_si_001.pdf
http://dx.doi.org/10.1021/acs.biochem.5b01135

Biochemistry

experiment is in good agreement with the results of the rapid
dilution experiment. We also suggest that the presence of DTT
in the running buffers strongly precludes the formation of
disulfide bonds as a contributing factor of the tight-binding
nature of the H3/KDMIA interaction.

Additional Core Histone Proteins Have No Effect on
KDM1A. Several groups have illustrated that KDM1A catalyzes
the oxidative demethylation of histone H3K4mel/2 and
H3K9mel/2 as well as non-histone substrates.®™ %! Despite a
broad substrate specificity profile, the demethylase has never
been reported to recognize PTMs on the additional core
histone proteins. To confirm this observation in terms of
inhibition of demethylation activity, dose—response titrations
were completed for each of the other core histone proteins,
H2A, H2B, and H4, against KDMIA. Consistent with these
reports, none of the other core histone proteins inhibited
KDMIA activity (Figure S9). We can safely conclude that the
demethylase specifically recognizes histone H3 and is not
negatively regulated by the other core histones. However, this
analysis does not prove or disprove that KDM1A may contain
surface recognition elements that bind these other core
histones.

B DISCUSSION

Many groups have suggested that the substrates and products
of KDMIA exit the expanded yet restricted active site pocket
and interact with a secondary binding site on the enzyme
surface.'”'>*”*® This secondary surface element is expected to
facilitate substrate/product binding and recognition. To assess
this hypothesis, we investigated the ability of unmodified, full-
length histone proteins to inhibit KDM1A-dependent deme-
thylation activity. We chose longer, “native-like” products to
determine whether the enzyme could potentially recognize a
larger portion of these species, thereby increasing the apparent
binding affinity.

Before we began this study, we chose to assess whether
differential CoREST constructs (CoREST1/RCORI) altered
KDMIA catalytic efficiency toward peptide substrates. Using
various truncated CoREST constructs, we observed no
statistical difference in catalytic efficiency, suggesting that this
binding partner does not control activity toward the minimal
substrate footprint. This result supports the idea that KDM1A
catalytic activity is modular in nature, as it often exists as a
member of multiprotein complexes that dictate function.'” We
should note that KDMI1A catalytic efficiency and substrate
specificity might be further altered if chromatin or nucleosomes
are utilized as substrates.”” In fact, Tan and co-workers recently
illustrated that the KDM1A/CoREST-C complex has a >25-
fold increase in catalytic efficiency when site-specifically
methylated nucleosomes with extranucleosomal DNA are
used as substrates, a phenomenon driven by K, *"."” Despite
this evidence, there appears to be further confounding aspects
to the regulation of KDMIA activity. For example, CoREST
paralogs (CoREST2/RCOR2 and CoREST3/RCOR3) were
recently shown to alter KDMI1A activity toward nucleosomal
substrates as assessed by their DNA binding ability and also
affected catalytic efficiency toward peptide substrates.'”""
Because we are utilizing the minimal peptide substrate
(H3K4me2' ') in these studies, and inhibitor potency seems
to be unaffected by the presence of CoREST in vitro,”** we
moved forward with our investigation using isolated KDMIA.

In line with our hypothesis, initial dose—response analysis of
full-length H3 versus KDM1A demethylation activity suggested

that the interaction was in the theoretical tight-binding limit of
the assay (i.e., ICs, <10-fold [E]r). If we consider the basic
definition of the equilibrium dissociation constant for
competitive inhibitors, where K; = k,g/k,,, it is easy to see
that affinity is driven by either rapid association of the binary EI
complex or a slow rate of release of the ligand from the target
enzyme.>® To assess the onset of inhibition, we examined the
initial rate data upon assay initiation. These initial rates
appeared to be linear, suggesting that H3 and KDMIA reach
rapid equilibrium under the specified assay conditions.
Additional support for this observation came from preincuba-
tion of H3 with KDMI1A. Even with extended incubation times
of up to 1 h, the average IC;, did not change significantly. To
assign the modality of full-length H3, we next determined the
ICs, of H3 over a wide range of substrate concentrations.™

Our data support the possibility that the binding of full-
length histone H3 to KDMIA is competitive in nature and
displayed a nearly 100-fold increase in binding affinity (K, =
189 + 1.2 nM) as compared to that of the 21-mer product
peptide. This value of magnitude increase strongly suggests
some form of additional product recognition with the full-
length histone and time dependence of the binding interaction.
We therefore looked to investigate the source of this increase in
observed binding affinity as low K values typical of tight-
binding inhibitors are driven mainly by very slow rates of
complex dissociation (i.e., low values of k.;) and by the related
large target residence times.”

We note that the increase in binding affinity of the H3/
KDMIA interaction may be at least be partially attributed to
the long residence time, as the t;,, of the interaction was
determined to be 9.63 min, corresponding to a k. of 1.2 X
1073 s7!. Additionally, we independently confirmed the tight-
binding nature of the interaction and slow rate of dissociation
of the binary complex with SPR experiments in which histone
H3 was immobilized to the chip surface via interaction with a
C-terminus-specific antibody. Importantly, our assessment that
an increasing ionic strength results in an increase in the relative
ICs, suggests that the interaction of full-length histone H3 with
both the flavin-containing active site and secondary exosite is
electrostatic in nature. Notably, there are several regions on the
surface of KDMI1A that are electronegative in nature and could
thereby provide the secondary binding site for histone H3.

Consistent with our proposal of a secondary binding site on
the enzyme surface of KDMIA, the paralog KDMIB contains
such a site that was identified through crystallographic efforts.>*
Additionally, we envision that this secondary binding site may
play a role in the “stick-and-catch” model recently proposed by
Mattevi and co-workers.'” Here, KDM1A can probe a
nucleosomal substrate using both its active site and secondary
recognition element and lock the complex into a competent
binding mode. On the other hand, after demethylation, the
secondary binding site is expected to contribute to the stability
of the nucleosome/demethylase complex. Importantly,
KDMIA can remain bound to genetic loci on time scales
that are in line with large-scale chromatin rearrangement.”
Upon formation of this stable product complex, KDMI1A can
“lie in wait” and serve as a docking element for protein,
transcription factor, or repressor recruitment as first suggested
by Forneris and co-workers.””>* These proteins can then cause
concomitant gene expression or repression or facilitate the
dissociation of KDMIA from the product complex. The role of
KDMIA as a docking module is also consistent with the
observation that demethylation activity at specific estrogen
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responsive elements (EREs) is required for ERa recruitment
and concomitant target gene e)q)1'ession.56’57 Our observations
of an increased binding affinity for full-length products and
target residence time have implications not only in the role of
KDMIA as a docking element but also in the kinetic
mechanism of the enzyme.

Because of the time scale of dissociation of the H3/KDMI1A
binary complex, we also suspect that the overall demethylation
reaction in vivo and in vitro may be either partially or wholly
rate-limited by product release with full-length histones or
nucleosomes (Scheme 1). In this model, the rate of product

Scheme 1. Overview of a Simplified Model of KDM1A
Substrate Turnover and Product Release”

K Ky ti ks
E+S<—=ES —» EP <= E+P
k_1 k_3

“Here ky << k_;[P] and k, for all [P] used and the EP binary complex
would therefore have an observable half-life. This model suggests that

the rate-limiting step of catalysis may in some cases be the rate of
product release.

release, k;, is much smaller than the rate of catalysis and
product rebinding (k, and k_,[P] for all [P] used, respectively),
resulting in an EP binary complex with an observable half-life.
Well in line with this hypothesis, there was a >5-fold reduction
in kPP values observed when nucleosomal substrates were
utilized."” Additionally, the observation that KDMIA com-
pletely demethylates pS3 (K370) in vitro but removes only a
single methyl mark when this activity is probed in cell culture
further supports our claim. Together, our results and those of
others suggest that the product dissociation rate of KDMI1A
may be “tuned” by several factors, including substrate, binding
partners, or splice variations to the enzyme itself.

In summary, our kinetic study has verified the tight-binding
interaction between full-length histone H3 and KDMIA,
suggesting the existence of a secondary binding site on the
demethylase surface. The contact between the H3 and KDM1A
likely occurs through an extensive interaction interface with
broad implications for enzyme function and control. As the
complex also has a measurable residence time, the presence of
KDMIA on specific genetic loci may be further investigated to
provide insights into the order of partner protein recruitment,
complex nucleation, or dissociation.
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