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Abstract

Histidine decarboxylase (HDC) is the primary enzyme that catalyzes the conversion of histidine to histamine. HDC
contributes to many physiological responses as histamine plays important roles in allergic reaction, neurological response,
gastric acid secretion, and cell proliferation and differentiation. Small-molecule modulation of HDC represents a potential
therapeutic strategy for a range of histamine-associated diseases, including inflammatory disease, neurological disorders,
gastric ulcers, and select cancers. High-throughput screening (HTS) methods for measuring HDC activity are currently
limited. Here, we report the development of a time-resolved fluorescence resonance energy transfer (TR-FRET) assay for
monitoring HDC activity. The assay is based on competition between HDC-generated histamine and fluorophore-labeled
histamine for binding to a Europium cryptate (EuK)-labeled anti-histamine antibody. We demonstrated that the assay is
highly sensitive and simple to develop. Assay validation experiments were performed using low-volume 384-well plates
and resulted in good statistical parameters. A pilot HTS screen gave a Z' score > 0.5 and a hit rate of 1.1%, and led to
the identification of a validated hit series. Overall, the presented assay should facilitate the discovery of therapeutic HDC
inhibitors by acting as a novel tool suitable for large-scale HTS and subsequent interrogation of compound structure—
activity relationships.
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HTS as it requires specialized equipment and presents spe-
cial safety concerns related to the generation of radiochemi-
cal gas. An alternative nonradioactive approach uses
phosphoenolpyruvate carboxylase and malate dehydroge-
nase to couple the generation of CO, to convert NADH to
NAD, a step that can be followed spectrometrically.'® This
system is also low throughput due to a required initial
degassing of all reagents and the need to work with great
haste to prevent atmospheric CO, from diffusing back into
the samples. In addition, a fluorometric assay has been

Introduction

Histidine decarboxylase (HDC) is a fold type I pyridoxal
5'-phosphate (PLP)-dependent enzyme that catalyzes the o-
decarboxylation of L-histidine to carbon dioxide and hista-
mine, a step essential for histamine biosynthesis. Histamine
is involved in a number of physiologic and pathological
processes.' Apart from its well-known functions in inflam-
matory and allergic reactions,” histamine plays important
roles in cell proliferation, differentiation, neurotransmis-
sion, and gastric acid secretion.”” In addition, elevated
HDC activity has been shown to be associated with cancers,

including colorectal cancer and melanoma.®” Thus, HDC
represents a potential therapeutic target for inflammatory
diseases, neurological disorders,® gastric ulcers, and some
types of cancers.

The discovery of therapeutic small inhibitors of HDC
would be accelerated by a biochemical high-throughput assay.
Although several HDC assays have been proposed, none are
available for high-throughput screening (HTS). The most
commonly used assay to determine HDC activity measures the
enzymatic liberation of 14CO2 using "*C-carboxyl-labeled sub-
strate.” Although the assay is sensitive, it does not lend itself to

'Early Discovery Pharmacology, Translational Medicine Research Centre,
MRL, MSD, Singapore

Discovery Chemistry, Merck Research Laboratories, Merck & Co.,
Boston, MA, USA

Received March 10, 2018, and in revised form April 18, 2018. Accepted
for publication April 20, 2018.

Corresponding Author:

Anthony William Partridge, MSD Singapore, Translational Medicine
Research Centre, 8 Biomedical Grove, #04-01/05, Neuros Building,
Singapore 138665.

Email: anthony_partridge@merck.com


http://slasdisc.sagepub.com
http://crossmark.crossref.org/dialog/?doi=10.1177%2F2472555218778053&domain=pdf&date_stamp=2018-06-08

SLAS Discovery 00(0)

developed involving o-phthalaldehyde, a reagent that
derivatizes both histamine and histidine, and a low-throughput
high-performance liquid chromatography (HPLC) readout."'
More recently, August et al. developed a fluorescence
polarization (FP)-based HDC assay suitable for HTS;
however, the readout antibody is no longer commercially
available."

Here, we describe a time-resolved fluorescence reso-
nance energy transfer (TR-FRET) method to assay HDC.
The method is based on detecting the histamine release that
occurs as the HDC-catalyzed reaction proceeds. We repur-
posed a commercially available TR-FRET histamine kit
that was designed to detect histamine release from cells to
an in vitro assay for measuring HDC activity."® The major
advantage of TR-FRET is that the long emission half-lives
of lanthanide-based fluorophores lead to fewer fluorescent
artifacts from library compounds. Enzyme kinetics and
inhibitor experiments indicate that this assay has a good
signal-to-background ratio (S/B) and exhibits full inhibi-
tion. Assay validation in low-volume 384-well plates indi-
cated a robust assay well suited to HTS campaigns for the
discovery of small-molecule HDC inhibitors. Finally, the
utility of the assay for surveying chemical libraries was
probed through a pilot screen of ~7000 small molecules, an
effort that gave good assay performance and a hit rate of
1.1%. Hit follow-up activities identified a series of con-
firmed inhibitors with IC50 values ranging from 2.4 to 18.9
UM. One such molecule was identified as a histidine analog
that was confirmed as a bona fide HDC binder.

Materials and Methods

Reagents

The histamine TR-FRET kit was purchased from Cisbio
Bioassays (Codolet, France; cat. 62HTMPEC). L-histidine,
histamine, PLP, sodium chloride, dithiothreitol, histidine
methyl ester (HME), and DMSO were purchased from
Sigma-Aldrich (St. Louis, MO). HEPES was purchased
from Thermo Fisher Scientific (Waltham, MA). Black, non-
binding, low-volume, 384-well plates (cat. 784900) were
purchased from Greiner Bio-One North America, Inc.
(Monroe, NC).

Protein Expression

HDC protein expression and purification were carried out
by the Nanyang Technological University Protein
Production Platform. His6-tagged human HDC residues
1-477 corresponding to the catalytic domain were expressed
in Escherichia coli BL21(DE3) Rosetta TI1R. Protein
expression was induced by 0.5 mM IPTG overnight at 18
°C. Cells were lysed in 100 mM HEPES, pH 8.0, 500 mM
NaCl, 10 mM imidazole, 10% glycerol, 0.5 mM TCEP, and
protease inhibitor cocktail (Nacalai Tesque Inc., Kyoto,

Japan). Clarified lysate was loaded on a Ni-NTA Superflow
column (Qiagen) and washed with 20 column volumes
(CV) of low imidazole buffer (20 mM HEPES, pH7.5, 500
mM NacCl, 10 mM imidazole, 10% [v/v] glycerol, and 0.5
mM TCEP), followed by 20 CV of high imidazole buffer
(20 mM HEPES, pH 7.5, 500 mM NaCl, 25 mM imidazole,
10% [v/v] glycerol, and 0.5 mM TCEP). Protein was eluted
by buffer containing 20 mM HEPES, pH 7.5, 500 mM
NacCl, 500 mM imidazole, 10% (v/v) glycerol, and 0.5 mM
TCEP. The resulting protein was further purified by a
HiLoad 16/60 Superdex 200 column (GE Healthcare), pre-
equilibrated in 20 mM HEPES, pH 7.5, 300 mM NacCl, 10%
(v/v) glycerol, and 0.5 mM TCEP. Eluted peaks were ana-
lyzed by sodium dodecyl sulfate—polyacrylamide gel electro-
phoresis (SDS-PAGE), and fractions containing > 90% pure
protein were combined, concentrated to approximately 15
mg/mL, snap frozen in liquid nitrogen, and stored at —80 °C.

Histidine Decarboxylase Assay

All enzymatic assays were performed in a 9 pL reaction
mixture containing 5 nM HDC, r-histidine, PLP, 25 mM
HEPES, pH 7.4, 150 mM NaCl, and 0.3 mM DTT. The
reaction was carried out at room temperature for 30 min
unless otherwise specified and was terminated by adding
the acylation reagent and acylation buffer provided in the
Cisbio histamine detection kit. Acylation was carried out at
room temperature for 1 h and followed by the addition of
histamine-XL665 and anti-histamine Europium cryptate
(EuK) antibody from the Cisbio kit. Plates were sealed and
incubated at room temperature for 5 h. The amount of acyl-
ation reagent, acylation buffer, histamine-XL665, and anti-
histamine antibody added in the assay was done according
to the Cisbio product manual. Plates were read at ambient
temperature using an EnVision plate reader (PerkinElmer,
Waltham, MA) with an excitation filter at 340 nm and emis-
sion filters for Europium at 615 and XL665 at 665 nm,
respectively. Data analysis for substrate Km and inhibitor
IC50 were performed using the four-parameter logistic
equation in GraphPad Prism software (GraphPad, San
Diego, CA).

Assay Validation and High-Throughput Screening

The reaction was carried out with a final concentration of 5 nM
HDC, 50 uM histidine, 68 nM PLP, and 2% DMSO. The assay
volume was 9 puL in a 384-well plate. Enzyme stocks were
diluted with buffer consisting of 25 mM HEPES, pH 7.4, 150
mM NaCl, and 0.3 mM DTT. Inhibitors/DMSO vehicle were
dispensed to a dry plate using an Echo 555 acoustic liquid han-
dler (Labcyte, Sunnyvale, CA); subsequently, enzyme solution
was added using a BRAVO automated liquid handler (Agilent,
Santa Clara, CA) to the plate and sealed. Sealed plates were
incubated at room temperature for 30 min prior to substrate
addition via BRAVO. After 30 min at room temperature, the
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reaction was quenched with acylation reagent and acylation
buffer. Acylation was carried out for 1 h, followed by 5 h incu-
bation of histamine-XL665 and anti-histamine-EuK antibody.
The amount of acylation reagent, acylation buffer, histamine-
XL665, and anti-histamine antibody added in the assay was
done according to the Cisbio product manual. TR-FRET signal
was detected at 665/615 using an EnVision plate reader.
Resulting data were analyzed and evaluated for robustness
through determination of the signal window and Z'. The Z' fac-
tor was determined using the following equation: Z' = 1 —
(3omax + 3omin)/(Jumax — umin|), where omax and omin
represent the standard deviations (SDs) of the positive and
negative controls and umax and umin represent the mean val-
ues of the positive and negative controls.

Thermal Shift Assay

Thermal shift assay was performed on a QuantStudio 12K
flex system (Thermo Fisher Scientific) with a ramp speed of
0.015 °C per second. Solution containing 5 uM HDC, 100
uM compound, and 5X SYPRO Orange dye (Sigma-
Aldrich) was dispensed into 384-well PCR plates (10 uL
per well). The plates were sealed and heated in the instru-
ment across a temperature range of 25-95 °C.

Statistics

Assay Z' values were calculated using the standard equation

Z'=1-3(6_+6)/|u — |, where 6_and 6 _are the SDs of
.. P nwotp o tn p n

the positive and negative controls and p and p_ are the

arithmetic means of the positive and negative controls.

Results and Discussion

Here, we have addressed a gap in screening tools by devel-
oping a high-throughput enzymatic assay to search for
inhibitors of HDC. By repurposing a commercial kit that
measures histamine concentration, we have optimized and
validated an assay that is compatible with 384-well plates
and has good assay statistics (Z' > 0.5). Furthermore, we
have applied this assay to a pilot screen, an exercise that (1)
further validated the assay as suitable for HTS and (2) iden-
tified several hit compounds. One of these, a histidine ana-
log, was confirmed as giving concentration-dependent
inhibition and was validated as a bona fide binder using a
thermal shift assay. Finally, we present some initial struc-
ture—activity relationships (SARs) that should inform future
medicinal chemistry efforts.

HDC Assay Development Using a TR-FRET
Histamine Detection Strategy

HDC catalyzes the decarboxylation of histidine, yielding
histamine and CO,. Hence, one way to measure HDC

activity is to quantify the amount of histamine generated
during the reaction. Cisbio has developed a TR-FRET-
based histamine assay that measures histamine release from
cells. The assay is based on the competition between sample
histamine and allophycocyanine (XL665)-labeled hista-
mine for binding to a EuK-labeled antibody (Fig. 1A). The
assay was reported to have a detection range of 1.56—400
nM histamine.”” To assess whether the Cisbio TR-FRET
histamine kit could be adopted to measure HDC activity, we
first examined if the readout antibody can discriminate
between the histidine substrate and histamine product.
Various concentrations of histidine and histamine were
tested in the presence of a fixed amount of XL665-labeled
histamine and EuK-labeled antibody (Fig. 1B). Histamine
was able to compete with XL665-histamine for antibody
binding at concentrations as low as 13 nM. Histidine, how-
ever, did not show significant competition below 200 puM,
suggesting that the assay has a > 10,000-fold selectivity for
histamine over histidine.

As the anti-histamine antibody used in the assay was
raised against carrier protein conjugated to histamine via an
acyl linker, acylation of sample histamine is required to
achieve high-affinity binding to the readout antibody. Thus,
the effect of acylation time was examined. We did not
observe significant signal differences between 15 and 180
min (data not shown), suggesting that acylation is complete
by 15 min. Next, to understand the antibody/histamine
binding kinetics, an incubation time-course study was car-
ried out. As the TR-FRET signal reached an equilibrium
plateau at 5 h (Fig. 1C), a 5 h readout incubation was cho-
sen as our standard condition to maximize the S/B
window.

To optimize enzyme concentration and define the kinetic
linear range, we next performed an enzymatic reaction time
course at various concentrations of HDC. As full-length
hHDC protein did not overexpress in E. coli, a C-terminal
truncated construct, consisting of amino acid residues
1-477 of hHDC, which has previously been demonstrated
to be active in vitro,'*'> was used in the experiment. An
initial experiment was carried out using 0-5 nM HDC
enzyme in the presence of 50 uM r-histidine and 50 uM
PLP. The amount of histamine produced was calculated
based on a standard curve generated using known concen-
trations of histamine. Histamine was produced in a time-
dependent and enzyme-dependent manner (Fig. 1D), with
5 nM HDC giving the best assay window, and a linear range
of at least 30 min (< 1% of substrate was converted to prod-
uct at 30 min). In contrast, control samples without enzyme
showed no change in the signal, suggestive of a sensitive
assay for monitoring the enzymatic activity of HDC. Based
on this experiment, we chose to use 5 nM HDC and an incu-
bation time of 30 min for further optimization and HTS.

To define optimal substrate concentrations for inhibitor
profiling, we sought to determine the Km of histidine and
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Figure 1. Development of TR-FRET-based HDC assay. (A) A schematic diagram of TR-FRET-based HDC assay (with permission by

Cisbio Bioassays). Histamine generated by the enzyme reaction displaces XL665-labeled histamine from binding to the EuK-labeled
antibody, resulting in a decrease in FRET signal. (B) Displacement of XL665-labeled histamine from binding to the EuK-labeled
antibody by histamine or histidine. Assay was performed using the indicated concentrations of histidine (black) or histamine (grey)

in the presence of a constant amount of XL665-labeled histamine and EuK-labeled antibody according to the Cisbio product manual.
(C) Time course of XL6é65-labeled histamine binding to the EuK-labeled antibody. The interaction between XL665-labeled histamine
and EuK-labeled antibody was monitored from 0 to 9 h of incubation, and the binding signal reached a plateau at 5 h. (D) Time course

of HDC assay at various enzyme concentrations. Reactions were carried out with 50 pM L-histidine, 50 pM PLP, and the indicated
concentrations of HDC. In the presence of 5 nM HDC, the assay remains linear with time for at least 30 min.

PLP against HDC. For the former, we performed the reac-
tion at various concentrations of the L-histidine and main-
tained PLP at 50 M. Due to the readout interference observed
when using high concentrations of histidine (Fig. 1B), the
maximal concentration used in this experiment was 200
puM. Titration of substrate resulted in a dose-dependent
increase of HDC activity (Fig. 2A) with a calculated Km for
histidine of 57 puM, a value that agrees with previous deter-
minations."> However, as full saturation was not reached,
the derived Km value should be considered as an estimate
only. Similarly, to determine the Km for PLP, L-histidine
concentrations were held constant at 50 uM, and PLP con-
centrations were varied from 0 to 20 uM. The Km for PLP
was determined to be 68 nM (Fig. 2B). However, it should
be noted that residual HDC activity was observed even in
the absence of PLP, suggesting a small amount of PLP co-
purified with HDC protein. Thus, the determined Km might

be underestimated. We chose to use histidine and PLP at
concentrations at or below their Km values to avoid sub-
strate competition during inhibitor screening. Thus, our
standard conditions were set to 50 uM histidine and 68 nM
PLP.

We further validated our assay using a known HDC inhibi-
tor, HME, a structural analog of histidine that inhibits HDC
with a Ki of 460 nM.'* HME was incubated with enzyme for
30 min, followed by addition of histidine and PLP. The IC50
value generated was 744 nM (Fig. 2C). The Ki calculated
based on the Cheng—Prusoff equation (Ki =IC50/(1 + [S]/Km)
was 398 nM, which is within a twofold difference from the
value reported previously. The good correlation between our
assay and the published results also suggested that the signal
seen in our assay is specific to HDC rather than potential con-
tamination. To assess the robustness of the assay, an intra- and
interday experiment was performed. The IC50 values
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Figure 2. TR-FRET-based HDC assay can be used to determine EC50 values of substrates and inhibitors. Enzymatic reactions were
run using the indicated concentrations of L-histidine (A), pyridoxal 5'-phosphate (B), and HME (C). Detailed reaction conditions
were described in the main text. EC50 values were obtained by fitting the data with GraphPad Prism software using a four-parameter
logistic equation. The error bars represent the mean + SD of duplicate determinations.
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Figure 3. The TR-FRET-based HDC assay can be adapted as a robust screening assay. (A) Z'-factor analysis was performed in a
black, nonbinding, low-volume, 384-well plate. Reactions were carried out with 5 nM HDC, 50 pM histidine, 68 nM PLP, and 2%
DMSO in the presence (black) or absence (grey) of 196 uM HME for 30 min at room. Final volumes for the 384-well plate assays were
9 uL. The calculated Z' factor equals 0.46. Assays with Z' > 0.4 are suggested to be suitable for HTS. (B,C) Z'-factor determination
from twenty-one 384-well screening plates. Assay reproducibility and reliability assessed for complete reaction condition (triangles)
versus complete reaction plus 196 yM HME (circles) yielded a Z' factor of 0.54.

generated were 772 + 196 nM with intra- and interday shifts
less than threefold, suggesting that the assay developed here is
highly reproducible.

Assay Validation and High-Throughput Screening

Following the establishment of the standard conditions, the
assay was validated for HTS using 384-well plates and

whole-plate analysis to access the assay window (signal-to-
noise ratio), reproducibility, and intraplate variability. The
negative control used consisted of 5 nM HDC, 50 uM histi-
dine, and 68 nM PLP, and the positive control contained 5
nM HDC, 50 uM histidine, 68 nM PLP, and 196 uM HME.
In addition, a concentration of 2% DMSO was added to pre-
vent compound precipitation. No significant effects on
enzymatic activity were observed between 0% and 2.5%
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Figure 4. (A) Hits from the MSD HTS diversity set were evaluated for their effectiveness in inhibiting HDC enzyme activity by
TR-FRET assay at 30 min. Each compound was serially diluted in DMSO and added to a reaction mixture containing 5 nM HDC,
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constructed for each inhibitor. The error bars represent the mean + SD of duplicate determinations. (B) Thermal shift assay was
performed on recombinant HDC protein in the presence (blue) and absence (red) of MC-494. (C) Initial SARs and structural
comparison of histidine with MC-494, MC-700, and MC-628.
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DMSO (data not shown). The reactions were initiated by
the addition of histidine and PLP, and all wells were
quenched with acylation reagent after 30 min. Whole-plate
analysis revealed the coefficient of variation for the nega-
tive and positive controls to be 6.36% and 5.34%, respec-
tively. Further analysis showed the Z' factor and S/B to be
0.46 and 1.94 (respectively), within acceptable ranges (Fig.
3A). Overall, the result suggested that the assay is suitable
for high-throughput application.

To identify initial hit compounds and further validate the
assay for HTS campaigns, we next conducted a pilot chemi-
cal library screen using the developed assay. Specifically,
approximately 7000 compounds from the MSD HTS diver-
sity set were screened at a final concentration of 10 uM. The
HTS plate map included 16 wells of each our negative con-
trol (complete reaction mixture) and our positive control
(complete reaction mixture plus 196 uM HME). Average
values across the 21 screening plates for Z' factors (0.54)
and S/B (3.87) (Fig. 3B,C), further confirmed the assay as
robust for HTS. To select compounds for follow-up, we set
a cutoff at 3SDs from the mean of the negative control,
resulting in 74 hit compounds and hit rate of 1.1%, within
the desired range. To remove compounds with fluorescent
artifacts, we inspected the raw data to find compounds with
high reference channel signals, as these compounds were
likely false positives. Accordingly, 17 inhibitors with refer-
ence signals that were > 3SDs from the mean of control
wells were removed, yielding 57 compounds in the hit list.
Of these 57 hits, 15 were confirmed in 10-point dose—
response studies. The results for three representative com-
pounds are shown in Figure 4A, which shows IC50 values
of2.4,9.5, and 18.9 uM, respectively.

Initial hit lists from HTS campaigns typically include a sig-
nificant percentage of promiscuous inhibitors, usually in the
form of colloidal aggregators. To remove these undesired com-
pounds, the hits were tested for specific binding using a ther-
mal shift assay. Five compounds showed positive shift in the
melting temperature of > 2 °C, suggesting these as bona fide
binders (Fig. 4B). Interestingly, one of the confirmed hits
(MC-494) shared a common imidazole moiety to that of histi-
dine (Fig. 4C), giving us further confidence that it was a true
binder. This compound was thus selected for some initial SAR
studies. Specifically, we searched the MSD compound reposi-
tory for highly similar compounds using a 2D similarity
method based on atom pairs and topological torsions, and
selected 15 compounds for IC50 determination in the HDC
assay. Although none of the similarity search compounds had a
potency greater than that of MC-494, some preliminary SARs
did emerge. In particular, the imidazole moiety is essential for
activity. Specifically, replacing the imidazole moiety with aryl
or heteroaryl functionalities, such as 2-furyl, phenyl, 3-pyridyl,
4-pyridyl, 4-CN-phenyl, 2.,4-difluorophenyl, 2-thiazolyl, or
N-Me-2-imidazolyl, all led to inactive compounds (Fig. 4C).

Interestingly, there is some flexibility in replacing the Br-phenyl
template as MC-983 showed comparable activity. However,
the N-atom in the indoline core seen in MC-983 appeared to be
important as the corresponding indole (MC-838) or indoline
(MC-207) is inactive (Fig. 4C).

In conclusion, we have repurposed a previously devel-
oped cell-based TR-FRET histamine detection kit to an in
vitro HDC activity assay. The assay is simple to develop
and is highly sensitive. We first demonstrated that the anti-
body used is highly selective for histamine product but not
histidine substrate. Next, enzyme kinetics and inhibitor
experiments exhibited a good S/B. Moreover, the deter-
mined EC50 values of substrate and inhibitor are in good
agreement with published results, suggesting that this
TR-FRET assay can be a replacement for the traditional
HDC enzymatic assays. Assay validation was performed in
384-well plates and resulted in good statistical parameters
(Z' factor and S/B), which positioned it for a pilot HTS
campaign. Application of the assay to a ~7000-member
chemically diverse library resulted in an initial hit rate of
1.1% and ultimately the identification of five compounds
(including MC-494, a histidine analog), which was recon-
firmed via dose titration, and also gave a > 2 °C shift in a
thermal shift assay. Initial SAR studies on MC-494 suggest
that it could provide a valuable starting point to develop
therapeutically effective compounds that inhibit HDC activ-
ity. In addition, the assay developed is primed for applica-
tion to large small-molecule libraries to identify additional
hit matter. Indeed, the simplicity and robustness of the assay
provide a new tool to identify and characterize novel inhibi-
tors of HDC and will contribute significantly to the devel-
opment of therapeutics targeting HDC.
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