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Abstract Histamine plays highlighted roles in the
development of many common, emergent and rare
diseases. In mammals, histamine is formed by decarbox-
ylation of L-histidine, which is catalyzed by pyridoxal-5'-
phosphate (PLP) dependent histidine decarboxylase (HDC,
EC 4.1.1.22). The limited availability and stability of the
protein have delayed the characterization of its structure—
function relationships. Our previous knowledge on mam-
malian HDC, derived from both in silico and experimental
approaches, indicates that an effective competitive inhibi-
tor should be capable to form an “external aldimine-like
structure” and have an imidazole group, or its proper
mimetic, which provides additional affinity of PLP-inhib-
itor adduct to the HDC active center. This is confirmed
using HEK-293 cells transfected to express human
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HDC and the aminooxy analog of histidine, 4(5)-amin-
ooxymethylimidazole (O-IMHA, ICsy ~ 2 x 107" M)
capable to form a PLP-inhibitor complex (oxime) in the
enzyme active center. Taking advantage of the availability
of the human HDC X-ray structure, we have also deter-
mined the potential interactions that could stabilize this
oxime in the active site of mammalian HDC.
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Abbreviations

AEA Aminooxy-2-aminoethane
APA 1-Aminooxy-3-aminopropane
o-FMH o-Fluoromethyl L-histidine
GST Glutathione-S-transferase

HDC Histidine decarboxylase

rHDC Rat histidine decarboxylase
hHDC Human histidine decarboxylase
HME L-Histidine methyl ester

ODC Ornithine decarboxylase
O-IMHA  4(5) Aminooxymethylimidazole
PLP Pyridoxal 5'-phosphate

VS Virtual screening
VSDMPI  Virtual screening data management platform

Introduction

Biogenic amines are small molecules mainly involved in
signal transmission, so they have a broad spectrum of
activities in vivo. Histamine is a key mediator in many
physiological processes such as the immune response,
neurotransmission, secretion of gastric acid and cell pro-
liferation (Ohtsu and Watanabe 2003; Haas et al. 2008), as
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well as of several pathologies derived from the dysfunction
of these processes. Thus, histamine plays highlighted roles
in the development of inflammatory, neurological and
cancerous diseases, and its probable implication in more
than 20 rare diseases has also been addressed (Pino-
Angeles et al. 2012). At present, the regulation of the
effects exerted by histamine is achieved using drugs
modulating the activity of the four histamine G-protein-
coupled receptors, namely H; to Hy (Akdis and Simons
2006; Thurmond et al. 2008). However, this approach
encounters certain disadvantages such as lack of specificity
for an exclusive receptor or differences in binding affinities
and signaling properties that eventually may lead to
undesirable side effects. Besides, this strategy does not
diminish the high levels of histamine produced and
released during abnormal inflammatory conditions, for
instance allergy, asthma or the chronic rare disease
mastocytosis.

In eukaryotes histamine is formed as the result of the
pyridoxal-5’-phosphate (PLP) dependent decarboxylation
of vL-histidine. This reaction is catalyzed by L-histidine
decarboxylase (HDC, EC 4.1.1.22), which is active as a
homodimer. It shares a common catalytic mechanism
with other PLP-dependent decarboxylases (Fig. 1 step a—c;

Olmo et al. 2002; Eliot and Kirsch 2004; Moya-Garcia
et al. 2008). The reported L-histidine K, values range from
0.11 to 0.5 mM (Tagushi et al. 1984; Tanase et al. 1985;
Mamune-Sato et al. 1990; Engel et al. 1996). As occurs in
other PLP-dependent enzymes, a movement of a “flexible
loop” takes place after the external aldimine formation
(Fig. 1 step b) that gives rise to a closed conformation of
the homodimer (Rodriguez-Caso et al. 2003a; Fleming
et al. 2004a; Pino—Angeles et al. 2010).

HDC is expressed in a few cell types including distinct
immune cells, histaminergic neurons and enterochromaf-
fin-like cells, hence its amount in a healthy organism is
very low (Moya-Garcia et al. 2005). Furthermore, over-
production of newly nascent histamine has been proven to
exert deleterious effects on its producing cells, so the
selection of transfected/transgenic models is difficult
(Abrighach et al. 2010). Among these, mast cells are the
largest producers of histamine and they store it in intra-
cellular granules, together with other biogenic amines, and
immune mediators (Ringvall et al. 2008). Mammalian
HDC is an extremely labile protein due to the presence of
degradation motifs in its sequence and it is a known sub-
strate for proteasome 26S, calpain and caspase-9 (Viguera
et al. 1994; Rodriguez-Agudo et al. 2000; Olmo et al. 2002;
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Fig. 1 Mechanism of L-histidine decarboxylation (intermediates a—c) and the reaction of internal aldimine with 4(5)-aminooxymethylimidazole
(O-IMHA) to form the O-IMHA-PLP oxime (pathway d). K305 is the lysine residue forming the Schiff base with PLP
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Furuta et al. 2007). Besides, the conserved flexible loop has
a trypsin-like sequence motif (Matsuda et al. 2004; Pino-
Angeles et al. 2010). Therefore, experimental work with
histamine-producing cell cultures is not an easy task.

Among a few known inhibitors of HDC, L-histidine
methyl ester (HME) and o-fluoromethyl vL-histidine
(«FMH) have been extensively used for many years
(DeGraw et al. 1977; Hayashi et al. 1986). HME binds in
the active site and forms a Michaelis complex that cannot
undergo decarboxylation, whereas o«FMH is described as a
suicide inhibitor (Rodriguez-Caso et al. 2003a). N-(5'-
phosphopyridoxyl)amino acids are stable mimetics of the
external aldimine and they are effective inhibitors not only
of HDC, but also of other PLP-dependent enzymes
(Khomutov et al. 1971; Heller et al. 1975; Wu et al. 2008;
Miiller et al. 2009). Epigallocatechin 3-gallate (EGCG), a
major component of green tea, is also able to inhibit HDC
(Rodriguez-Caso et al. 2003b; Nitta et al. 2007; Melgarejo
et al. 2010); however, EGCG lacks specificity for mam-
malian HDC since it also inhibits the PLP-dependent aro-
matic amino acid decarboxylase (DDC) (Bertoldi et al.
2001; Ruiz-Perez et al. 2012).

High-throughput screening (HTS) techniques are one of
the driving forces of drug discovery research. Experimental
HTS approaches are enough demanding in terms of time
and economical resources, but their computational coun-
terpart, known as virtual screening (VS), has gained a lot of
attention in the last decades due to the development and
accessibility to more powerful calculation systems, a
growing number of enzyme structures and public avail-
ability of large databases of drug-like compounds (Mitchell
and Matsumoto 2011). For example, the satisfactory results
of VS and lead discovery experiments on the structure of
pig DDC have provided new structural guidelines for
designing compounds that may be used to discover new
inhibitors of this enzyme (Daidone et al. 2012).

The first structural model of rat HDC (rHDC) was
obtained by comparative modeling (Rodriguez-Caso et al.
2003a) and it has been extensively evaluated to reproduce
previously published experimental data (Moya-Garcia et al.
2008). Recently, the structure of the active human histidine
decarboxylase (hHDC) complexed with HME was solved
by X-ray diffraction (Komori et al. 2012). These data open
a possibility to undertake new structure-based drug design
and VS experiments.

In the present work, by combining previous knowledge
about HDC and results obtained from a VS experiment on
this enzyme, we hypothesized that the formation of an
external aldimine-like structure(s), being stabilized by a
properly positioned imidazole group as an anchor, may
result in effective inhibition of mammalian HDC. This
hypothesis is validated experimentally using 4(5)-amin-
ooxymethylimidazole (O-IMHA), which forms an oxime

of HDC and inhibits the enzyme with ICsy =~ 2 x 107" M
under our experimental conditions. Taking advantage of
the structural information about hHDC, we have also
determined favorable conformations of the O-IMHA-PLP
oxime in the enzyme binding site.

Materials and methods
Chemistry

L-Histidine, pyridoxal-5'-phosphate (PLP), isopropylthio-
galactoside (IPTG) and 4(5)-Hydroxymethylimidazole
hydrochloride were purchased from Sigma-Aldrich.
L-[U-MC]-histidine (300 mCi/mmol) was obtained from
Amersham Radiochemicals. Ethyl N-hydroxyacetimidate
(Sigma-Aldrich) was distilled before use, bp 62 °C/
12 mmHg. Ethyl alcohol (99.5 %, Merck) was refluxed
over 2,4-dinitrophenyl hydrazine and distilled to get rid of
acetaldehyde. 4(5)-Chloromethylimidazole hydrochloride
was prepared by the known method from 4(5)-hydrox-
ymethylimidazole hydrochloride (Ruoff and Scott 1950).
1-Aminooxy-2-aminoethane dihydrochloride (AEA) and
1-Aminooxy-3-aminopropane dihydrochloride (APA) were
prepared as described earlier (Khomutov et al. 1996).
(8)-2-azido-3-[4(5)-imidazolyl)propionic acid (“histaz-
ide”, B23) and (S)-3-[4(5)-imidazolyl]-2-aminopropion-
(2'-thiazolyl)amide (“histidine thiazolamide”, E19) were
kindly synthesized and provided by Dr. Francisco Sarabia
(University of Malaga, Spain).

Purification of flash chromatography was performed on
Kieselgel (40-63 um, Merck), eluting with 1,4-dioxane—
25 % NH4OH, 100:1 mixture. Thin layer chromatography
(TLC) was carried out on precoated Kieselgel 60 Fsy
plates, elution systems are indicated in the text. Compounds
on TLC with free aminooxy group were detected as fluo-
rescing oximes of PLP solution and imidazole-containing
derivatives—using Pauly’s reagent (Tabor 1957).

Melting points were determined in open capillary tubes
with a “Manual Mel-Temp” apparatus (Barnstead Inter-
national) and have not been corrected. 'H and '*C NMR
spectra were measured on a Bruker Avance 500 DRX
spectrometer (Germany) using tetramethylsilane (TMS) in
CDCl; or sodium 3-(trimethylsilyl)-1-propanesulfonate
(TSP) in D,O as internal standards. Chemical shifts are
given in ppm, and J values are given in Hz.

For synthesis of 4(5)-[[(I'-Ethoxyethylidene)amino-
oxy]methyl]-imidazole (compound 1 in Scheme 1), a
solution of 0.65 g (4.25 mmol) 4(5)-chloromethylimidaz-
ole hydrochloride in EtOH (5 ml) was added dropwise with
stirring at +4 °C to a solution of 0.49 g (4.75 mmol) ethyl
N-hydroxyacetimidate in 1.0 M EtONa/EtOH (9.0 ml) and
was left for 16 h at this temperature. The reaction mixture
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Scheme 1 Synthesis of 4(5)-aminooxymethylimidazole (O-IMHA). i PCls/CHCI3/A; ii CH;C(OC,Hs)=NOH/EtONa/EtOH; iii HCI/H,O. I:
4(5)-[[(I'-ethoxyethylidene)aminooxy]methyl]-imidazole; 2: 4(5)-aminooxymethylimidazole dihydrochloride

was neutralized with AcOH, concentrated in vacuo, the
residue was dissolved in EtOAc (10 ml) and washed sub-
sequently with 1 M NaHCO; (2 x 3 ml), HO (2 ml) and
brine (4 ml). Solvent was evaporated in vacuo, crude
compound 1 was purified by column chromatography on a
silica gel (65 g). Then, it was concentrated in vacuo and the
residue was dried over P,O5 at 1 mmHg which afforded
0.45 g (56 %) of compound 1 as a vaxi oil. Ry 0.55 (1,4-
dioxane-25 % NH,OH, 95:5). '"H NMR (CDCl3): 6 7.61
(1H, s); 7.03 (1H, s); 4.90 (2H, s); 4.01 (2H, q, J 7.2); 1.89
(3H, s); 1.25 (3H, t, J 7.2). '>*C NMR (CDCl5): § 163.19,
135.24, 133.28, 120.76, 67.36, 62.40, 14.48, 13.89.

The histidine analog 4(5)-aminooxymethylimidazole
dihydrochloride (O-IMHA or compound 2 (Scheme 1) was
synthesized by the following procedure: A volume of
0.6 ml of 37 % HCIl was added to a solution of 0.43 g
(2.3 mmol) of compound 1 (Scheme 1) in aldehyde-free
EtOH (5 ml). After 15 min at 20 °C, the reaction mixture
was evaporated to dryness in vacuo. The residue was co-
evaporated with EtOH (2 x 5 ml), treated with cold EtOH,
filtered off and dried in vacuo over P,Os/KOH that affor-
ded 0.28 g of crude compound 2. Then it was dissolved in
H,O (2 ml), the cloudy solution was centrifuged, super-
natant was concentrated in vacuo and the residue was
crystallized from EtOH to give after drying in vacuo over
P,Os/KOH 0.19 g (45 %) of cubic crystals of target
O-IMHA, mp 192-193 °C, dec. R;0.27 (1,4-dioxane-25 %
NH,OH, 9:1). "H NMR (D,0): 6 8.78 (1H, s); 7.69 (1H, s);
5.18 (2H, s); >°C NMR (D,0): é 138.16, 128.29, 123.24,
68.14. Calculated, %: C 25.82; H 4.88; N 22.59.
C4HoCI,N30. Found, %: C 25.85; H 4.83; N 22.50.

In vitro expression and purification of recombinant
hHDC

Primary translation product of mammalian HDC (74 kDa)
needs to be processed by cleavage of its C-terminus to
become catalytically competent (Fleming et al. 2004b).
Fragment 1-512 of the hHDC primary translation product
corresponds to a polypeptide able to conform one of the
most active versions of mammalian HDC (Fleming et al.
2004b; Komori et al. 2012). The 1-512 hHDC fragment (1/
512) was obtained by reverse transcription-PCR as
described elsewhere (Abrighach et al. 2010). A recombi-
nant construct to express a glutathione-S-transferase
(GST)-1/512 fusion protein was generated by cloning in
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frame into the BamHI/EcoRI sites of the pGEX-6P1 vector
(GE Healthcare). The GST-1/512 fusion sequence inserted
in the recombinant vector (pGEX6P-HDC1/512) was
checked by DNA sequencing (Secugen, Madrid, Spain,
http://www.secugen.es). Escherichia coli BL21 (DE3)
cells, transformed with the pGEX6P-HDC1/512 vector,
were grown until reaching an ODgqo of 0.4-0.8, and then
they were induced with 0.02 mM isopropyl B-p-thioga-
lactoside (IPTG) for 20 h at 15 °C. The cells were lysed by
sonication in 0.1 M sodium phosphate buffer (pH 7.4)
containing 0.1 mM PLP, 150 mM NaCl, 5 mM dithio-
threitol (DTT) and 1 mM ethylenediaminetetraacetic acid
(EDTA). Glutathione-S-transferase-tagged protein was
isolated by batch purification using Glutathione-Sepharose
(GE Healthcare) and the GST tag was removed by means
of PreScission protease (GE Healthcare), as advised by the
manufacturer. Briefly, after binding GST fusion protein to
Glutathione-Sepharose beads, the fusion protein—bound
matrix was washed with 10 bed volumes of Cleavage
Buffer (50 mM Tris—HCI pH 7.0, 150 mM NaCl, 1 mM
EDTA, 1 mM DTT). For each ml of washed Glutathione-
Sepharose bed volume, 40 pl (80 units) of PreScission
Protease was mixed with 960 pl of Cleavage Buffer at
5 °C. The suspensions were gently resuspended and incu-
bated at 4 °C for 15-17 h. Eluates were collected by cen-
trifugation (500g, 5 min). Under our assay conditions (see
below), the specific activity of the purified protein was
estimated to be 50.59 + 8.28 pmol CO,/h mg protein.

Assay of HDC activity

HDC activity was determined by measuring the release of
“C0, from L-[U-"*C]-histidine, as reported previously
(Fajardo et al. 2001). Briefly, the assay mixture contains
100 mM potassium phosphate pH 6.8, 0.2 mM DTT,
20 uM PLP (or 10 uM PLP, when indicated) and 10 mg/ml
polyethylene glycol (PEG)-300. Assay mixtures were pre-
incubated (10 min, room temperature) with the inhibitors at
the different concentrations before adding the substrate.
The final concentration of L-histidine was 40 uM. The
reaction was allowed to proceed for 1 h at 37 °C in the
absence (control, 100 % activity) or the presence of
the histidine analogs at the concentrations indicated in the
Figs. 3 and 4, and then stopped by the addition of 100 pl of
80 % (v/v) perchloric acid. Released '*CO, was trapped
with Whatman 3MM paper folds impregnated with barium
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hydroxide, which were then measured for radioactivity
using a Beckman LS 6500 scintillation counter. Results are
expressed as percentage of control.

Virtual screening and docking

A VS experiment was carried out using the rHDC structure
and a set of approximate 200 substrate analogs in the plat-
form VSDMIP (Gil-Redondo et al. 2009). For the docking
of the O-IMHA-PLP oxime, we used the program Chimera
1.5.3 (Pettersen et al. 2004) to obtain the input files for both
the ligand and receptor. First, the 3D structure of the
O-IMHA-PLP was generated in the SMILES online trans-
lator service from the NIH (http://cactus.nci.nih.gov/
translate). Then, hydrogen atoms were added, and AMI-
BCC atomic charges were calculated. The structure of
hHDC was downloaded from the Protein Data Base (PDB;
ID 41EO), and the hydrogen atoms and atomic charges were
added. The binding site pocket was limited by a set of 32
overlapping spheres using the program sphgen in DOCK6.5
(Moustakas et al. 2006). Afterwards, a box of side 5 A was
built around the spheres. DOCK6.5 uses a grid-based
energy scoring function, so a grid was calculated in the
space inside the box; the distance between grid points was
set as default (0.3 A). An anchor-and-grow docking proto-
col was followed to simulate ligand flexibility, so the pyr-
idine ring and phosphate group in PLP were kept rigid
(anchor); the O-IMHA was then oriented in the binding site
adopting different conformations based on the structure of
the pocket. A maximum of 3,000 orientations were calcu-
lated and the top 50 were visually inspected.

Molecular dynamic simulations

To overcome the rigidity imposed in the docking calcula-
tions, the complexes formed by hHDC and O-IMHA were
further refined by means of molecular dynamic (MD)
simulations. We used the programs in the Amber MD
software package for setting up and running the simula-
tions (Case et al. 2008). The parameters for O-IMHA were
obtained with Antechamber and the General Amber Force
Field (Wang et al. 2004). The coordinates and topology
files of the protein-ligand complex were generated using
the module LEaP. The complexes were solvated in a 12 A
edge truncated octahedron of TIP3P waters and neutralized
with counter ions. Long-range electrostatic interactions
were calculated with the Particle Mesh Ewald method
(Darden et al. 1993). The simulations were carried out with
the program sander, and the protocol has been described in
detail in a previous publication (Pino-Angeles et al. 2010).
Briefly, energy minimization (EM) is divided in three
subsequent steps: minimization of hydrogen atoms only,
minimization of the water molecules and ions, and

minimization of the whole system. Each EM comprised 50
steps using the steepest descent method and 950 steps using
conjugate gradients algorithm. The system was heated to
300 K and equilibrated for 100 ps with Co restraints.
These restraints began with an initial value of 20 kcal/mol/
A? and decreased by 5 kcal/mol/A? in five steps (20 ps
each) to the unrestrained state. Finally, the production
phase was run for 2 ns at 300 K, with the program sander
and using the Amber ff03. The analysis of the trajectories
was performed with the program ptraj (Case et al. 2008)
and the results were visualized with both Pymol and VMD
(Humphrey et al. 1996; Schrodinger 2010).

Statistical analysis

Student’s unpaired samples ¢ test (two tailed) was per-
formed using GraphPad Prism version 5.0b for Mac
(GraphPad Software, San Diego, CA, USA; http://www.
graphpad.com).

Results and discussion

Many common, emergent and rare diseases are related to
the products of both homolog L-amino acid decarboxylases,
HDC and DDC, as summarized by several recent reviews
(Cellini et al. 2012; Pino-Angeles et al. 2012; Panula and
Nuutinen 2013; Leggio et al. 2013). These facts highlight
the necessity for new strategies for pharmacological
intervention in biogenic-amine metabolism (Leggio et al.
2013; Sanchez-Jiménez et al. 2013). For many years, a lot
of efforts were made in the discovery and optimization of
specific ligands for biogenic-amine receptors. Neverthe-
less, this strategy has found some difficulties, as those
derived from the structural and functional similarities
among receptors and their ability to form dimers or higher
order oligomers, which may alter ligand binding affinity
and signaling properties (Ellenbroek 2013). Consequently,
the discovery of new modulators of the synthesis of these
amines is proposed as a potential cooperative strategy
against the wide diversity of biogenic-amine related dis-
eases (neurologic, inflammatory, neuroinflammatory and
gastrointestinal diseases, alterations of bone turnover and
fertility, and different cancer types) (Wu et al. 2011; Cel-
lini et al. 2012).

Previous structural studies demonstrated that HDC has a
more restricted substrate specificity than its homolog DDC
(Olmo et al. 2002; Ruiz-Perez et al. 2012; Daidone et al.
2012, and references within). These observations are in
agreement with the results obtained in a VS experiment
with about 200 L-histidine analogs. The estimated binding
energies for these compounds decrease when there is a
chemical substitution in the amino group, and abruptly
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increase when the imidazole ring is removed (results not
shown). In this work, we have tested the activity of two
promising candidates of our VS, histazide (B23) and his-
tidine thiazolamide (E19) (Fig. 2a). However, none of
them was able to inhibit hHDC at concentrations in the
order of 107> M (Fig. 3a). Competitive inhibitors induce
an increase in Michaelis—Menten constant (K,,) but not in
maximum velocity (V.x). Therefore, the inhibition caused
by a histidine analog should be better detected at concen-
trations <K, value, as it was our case (see “Materials and
methods” section). Consequently, our experimental results
do not support their being effective hHDC inhibitors.

The results of VS showed that chemical modification of
the imidazole ring resulted in increased binding energies.
Hence, non-substituted imidazole group may be essential
for productive binding. This observation is in agreement
with previous experimental evidence on testing transition
state analogs mimicking external aldimine, as mammalian
HDC inhibitors (Wu et al. 2008, 2011).

Another approach to mimic the external aldimine is to
use substrate/product-like O-substituted hydroxylamines
that will react with the internal aldimine to form an oxime
(PLP-inhibitor) at the enzyme active site. All efficient and
specific (ICs, 107°~107° M) hydroxylamine-containing
inhibitors of PLP-dependent ornithine decarboxylase
(ODC; Khomutov et al. 1985; Poulin et al. 1989; Stanek
et al. 1992; Milovica et al. 2001; Das Gupta et al. 2005;
Singh et al. 2007); L-glutamic acid decarboxylase (GAD;
Sashchenko et al. 1968); aspartate aminotransferase
(Delbaere et al. 1989); 1-aminocyclopropane-1-carboxylate
synthase (Capitani et al. 2003); and vy-cystathionase
(Gabibov et al. 1996) are structurally similar either to the
enzyme substrate or resemble the product of the enzymic
reaction. Such a similarity ensures high affinity of the
inhibitor to the substrate binding site, the side chain of the

Fig. 2 Chemical structure of (A)
the substrate analogs used.

a Derivates of L-histidine:
(5)-2-azido-3-[4(5)-imidazolyl)
propionic acid (“histazide”,
B23) and (95)-3-[4(5)-
imidazolyl]-2-aminopropion-
(2'-thiazolyl)amide (“histidine
thiazolamide”, E19) and

b aminooxy analogs of
histamine: 1-aminooxy-2-

Histidine HN

aminoethane (AEA), B23 HN \7

1-aminooxy-3-aminopropane

(APA), and 4(5)-

aminooxymethylimidazole

(O-IMHA) —
E19 HN O
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inhibitor plays anchoring functions, while the properly
positioned aminooxy group forms the oxime with PLP.
Structural similarity of these oximes to the external
aldimine was confirmed with the X-ray studies of the
enzyme—inhibitor complexes of aspartate aminotransferase
(Markovic-Housley et al. 1996), gamma-aminobutyric acid
transaminase (Liu et al. 2004), and also 1-aminocyclopro-
pane-1-carboxylate synthase (Capitani et al. 2003). In the
case of the ODC-Il-aminooxy-3-aminopropane (APA)
complex, the proper binding of the inhibitor to the active
center of the enzyme promotes both the cleavage of the
C=N-double bond of the internal aldimine and the rotation
of the pyridine ring plane. However, the aminooxy group
of APA remains “frozen” at the distance of ~3 A from the
carbonyl group of PLP (Dufe et al. 2007).

Therefore, to obtain an effective inhibitor of HDC, earlier
unknown 4(5)-aminooxymethylimidazole (O-IMHA) was
synthesized. For comparison, we used 1-aminooxy-3-ami-
nopropane (APA), and 1-aminooxy-2-aminoethane (AEA).
These two latter compounds could be considered as amino-
oxy-analogs of histamine but lacking the imidazole group at
different extents (Fig. 2b).

Among known methods for the preparation of function-
ally substituted hydroxylamine esters (Zeeh and Metzger
1971), in the present work we used ethyl N-hydroxyace-
timidate as N-protected hydroxylamine derivative to syn-
thesize 4(5)-aminooxymethylimidazole (O-IMHA). This
hydroxylamine derivative is easily alkylated with alkyl
halides producing high yields. Besides, the ethoxyethylid-
ene protection group can be removed with practically
quantitative yield by treating with equimolar amounts of
strong acid and water for a few minutes at room temperature
(Khomutov et al. 1996, and references within), that allows us
to deprotect the aminooxy group, even in the presence of
N-Boc-protected amino groups (Simonian et al. 2006).
Recently, we demonstrated that functionally substituted
methanesulfonates efficiently alkylate ethyl N-hydroxyace-
timidate (Khomutov et al. 2010). In some cases, this method
may be considered as a good alternative to the preparation
of O-substituted hydroxylamines from alcohols using
N-hydroxyphthalimide in the Mitsunobu reaction (Maillard
et al. 2005). Nevertheless, to prepare target 4(5)-amin-
ooxymethylimidazole (O-IMHA) we used alkylation of
ethyl N-hydroxyacetimidate with 4(5)-chloromethylimi-
dazole, which was synthesized from commercially available
4(5)-hydroxymethylimidazole (Scheme 1). Intermediate
ethoxyethylidene derivative (compound 1 in Scheme 1) was
purified by flash chromatography on silica gel and sub-
sequent deprotection of aminooxy group afforded target
O-IMHA dihydrochloride with 18 % overall yield, as cal-
culated for starting 4(5)-hydroxymethylimidazole.

As depicted in Fig. 1 (step d), the O-IMHA oxime is
similar to the external aldimine—first intermediate of

L-histidine decarboxylation—of HDC. O-IMHA was the
only aminooxy compound that inhibited (by more than
99 %) the enzyme activity when it was assayed at 40 pM;
i.e., at the same concentration as L-histidine in the assay
mixture. On the contrary, no significant decrease in the
hHDC activity was detected under the same conditions
either with APA or AEA (Fig. 3b). APA and AEA may be
formally considered as “open” analogs of O-IMHA, since
the distances between the aminooxy group of O-IMHA and
the nitrogen atoms in the imidazole ring are about the same
as between the aminooxy group of APA/AEA and their
terminal amino groups. As depicted in Fig. 4, O-IMHA at
10 uM concentration is able to reduce hHDC activity by
more than 80 % at any of the assayed PLP concentrations.
The imidazole group of vL-histidine has pKa 6.0 and
anchoring of the substrate in the binding site is achieved by
a system of hydrogen bonds and hydrophobic interactions
(Moya-Garcia et al. 2008), which are also established as in
the case of O-IMHA. However, protonated amino groups
of APA/AEA cannot participate in such types of interac-
tions and this explains the great differences in the activities
of O-IMHA and APA/AEA.

The efficiency of O-IMHA inhibition depends on the
concentration of free PLP in the reaction mixture. The ICs
value decreases by one order of magnitude (from =2 to
0.2 pM) when the cofactor concentration is reduced by half
(Fig. 4). This is unlikely to occur due to the competitive
reaction of the inhibitor with the free coenzyme. The car-
bonyl group of PLP forms an internal aldimine with the
g-amino group of a conserved lysine in the HDC active
center (Fig. 1a), and it is known that the reactivity of the
protonated Schiff base toward semicarbazides, hydrazines
and O-substituted hydroxylamines is much higher when
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Fig. 4 Inhibition of hHDC with 4(5)-aminooxymethylimidazole (O-
IMHA) as a function of PLP concentration in the reaction mixture.
Final PLP concentration in the assay was 20 pM (filled circles) or
10 uM PLP (open circles). Results are normalized with respect to the
HDC activity in the absence of O-IMHA (control) and represent
mean £+ SEM of at least three independent experiments
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compared to the reactivity of the free carbonyl group of
PLP (Cordes and Jencks 1962a, b; Dirksen and Dawson
2008). The difference in the inhibitory potency of O-IMHA
at 10 and 20 uM of PLP is more likely to be related to the
reversible character of binding of O-IMHA-PLP oxime to
apo-HDC. This gives rise to an equilibrium, which is
shifted to catalytically active holo-HDC at higher PLP
concentrations. Therefore, O-IMHA can be considered as a
pseudoirreversible inhibitor.

We have studied the interactions and stability of two
putative conformations of the O-IMHA-PLP complex. In
the X-ray structure of hHDC, HME binds to PLP through
its si face. This orientation brings the imidazole ring of
HME to the vicinity of S354b (in the opposite monomer),
which seems to play a key role in regulating of the sub-
strate specificity of hHDC (Komori et al. 2012). In a pre-
vious theoretical study carried out on the model of rHDC,
we concluded that the decarboxylation step occurs when
L-histidine binds to the cofactor through its re face (Moya-
Garcia et al. 2008).

To check the feasibility of these two different configu-
rations of the O-IMHA-PLP oxime, we have chosen two
complexes out of our docking results, each of them
resembling these two different orientations of the ligand
toward the cofactor, and we have studied their stability
by means of MD simulations. Conformation A (Fig. 5a)
resembles the one adopted by HME in the X-ray structure
of hHDC, so the imidazole ring is oriented toward the si
face of PLP. The phosphate group of PLP is involved in a
hydrogen bonding network with the residues T149, S151,
N302 and S354b, which remains stable throughout the
whole simulation time. This interacting network is quite
similar to that observed in the hHDC crystal structure.
Nitrogen atom of imidazole ring of O-IMHA can form a
stable hydrogen bond with S304. The key residue for
ligand specificity, S354b, locates within van der Waals

Fig. 5 Average structures of
the two conformations of the
O-IMHA-PLP in complex with
hHDC. a Conformation
resembling HME-PLP in the
hHDC crystal structure.

b Conformation resembling
His-PLP in the rHDC model.
Both external aldimines are
depicted in pink sticks, whereas
the amino acids in the active site
of hHDC are depicted in green
sticks. Dashed lines indicate
probable hydrogen bonds
between the oxime and the
protein (color figure online)

(A)

H194
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distance of the side chain of O-IMHA, as it occurs for the
imidazole ring of HME according to hHDC X-ray struc-
ture. On the contrary, in conformation B (Fig. 5b), the
orientation of the side chain of the ligand points toward the
re face of PLP, resembling the binding mode of L-histidine
in the rtHDC model. The phosphate group of PLP is also
stabilized by multiple hydrogen bonds with V150, S151
and S354b. The imidazole ring may form a hydrogen bond
with R447; however, due to its orientation, it is located
more than 9 A apart from S354b. We have not observed the
existence of a direct hydrogen bond between nitrogen atom
in the pyridine ring of PLP and D273 in any of the two
conformations, although this interaction has been reported
in the crystal structure of hHDC. Nevertheless, this bond is
not completely stable and it even disappears through time,
as observed in a short MD simulation of hHDC X-ray
structure in complex with HME (data not shown). The
results indicate that in both conformations, O-IMHA makes
stable interactions with several residues in the active site.
Nevertheless, in conformation A, the imidazole ring makes
a stable interaction with S354b, which has been pointed out
as a key residue for substrate specificity in hHDC (Komori
et al. 2012). Hence, our results suggest that O-IMHA could
adopt this conformation.

The precise position of the native substrates in both
mammalian HDC and DDC is still not completely clear. For
both of them, it has been deduced that the most probable
conformation of the substrate would be those in which their
side chains locate toward the re face of the cofactor
(Matsuda et al. 2004; Moya-Garcia et al. 2008). However,
the crystal structures of both enzymes showed substrate
analogs to bind PLP through its si face (Burkhard et al.
2001; Komori et al. 2012). Further research efforts will be
necessary to clarify the precise conformation of the natural
substrate in the active site of these enzymes and its differ-
ences with those of substrate analogs in case they exist.

(B)

N302

D273
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PLP-dependent enzymes perform a lot of different
chemical transformations of amino acids under a common
catalytic mechanism, based on the versatility of their
cofactor. Substrate analogs and mechanism-based inter-
mediates are an important source of inhibitors and modu-
lators of the activity of these enzymes (Eliot and Kirsch
2004). The potent inhibitor of HDC oFMH was reported
over 30 years ago; besides, most of the current efforts to
regulate the effects of histamine have not been associated
with the inhibition of HDC, but to the modulation of its
membrane receptors. Recently, the inhibitory potential of
external aldimine mimetics has been proposed, and a
promising inhibitor was found from an initial set of nine
derivatives (Wu et al. 2008, 2011). We used high-
throughput VS to find novel HDC inhibitors among the
ZINC database and a smaller library of substrate analogs,
using our validated model of rHDC (Moya-Garcia et al.
2009). From VS experiments, the importance of the imid-
azole ring in the analog structure was outlined, as indicated
by the huge penalty in the energy binding values when it
was modified. After negative experimental results with
amino group-substituted analogs, we substituted the amino
group by its surrogate (aminooxy group) (Fig. 2) being
capable to form stable PLP—-analog complexes. The validity
of this hypothesis was tested with a series of aminooxy
derivatives and proved as correct by results obtained with
O-IMHA, which forms a stable oxime, has an imidazole
moiety and inhibited hHDC at submicromolar concentra-
tions. The O-IMHA-PLP oxime seems to be stabilized by a
net of hydrogen bonds. In addition, despite the structural
similarity between histamine and O-IMHA, it is very
unlikely that O-IMHA would effectively bind to histamine
receptors since the pKa of the aminooxy group of O-IMHA
is only about 4.5 and the receptors have high comple-
mentarily to protonated histamine. Therefore, O-IMHA
may be considered as an effective and specific inhibitor of
HDC that could be the initial step (a lead compound) for
the development of a new type of mammalian HDC
modulators with interest in Biomedicine, taking account of
the multiple human diseases related to histamine.
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