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Abstract

In mammals, histamine action is terminated through metabolic inactivation by histamine N-

methyltransferase (HNMT) and diamine oxidase. In addition to three well-studied

pharmacological functions, smooth muscle contraction, increased vascular permeability, and

stimulation of gastric acid secretion, histamine plays important roles in neurotransmission,

immunomodulation, and regulation of cell proliferation. The histamine receptor H1 antagonist

diphenhydramine, the antimalarial drug amodiaquine, the antifolate drug metoprine, and the

anticholinesterase drug tacrine (an early drug for Alzheimer’s disease) are surprisingly all potent

HNMT inhibitors, having inhibition constants in the range of 10–100 nM. We have determined the

structural mode of interaction of these four inhibitors with HNMT. Despite their structural

diversity, they all occupy the histamine-binding site, thus blocking access to the enzyme’s active

site. Near the N terminus of HNMT, several aromatic residues (Phe9, Tyr15, and Phe19) adopt

different rotamer conformations or become disordered in the enzyme–inhibitor complexes,

accommodating the diverse, rigid hydrophobic groups of the inhibitors. The maximized shape

complementarity between the protein aromatic side-chains and aromatic ring(s) of the inhibitors

are responsible for the tight binding of these varied inhibitors.
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Introduction

In mammals, one-step enzymatic decarboxylation of L-histidine produces histamine.

Histamine exerts its effect through the action on G-protein coupled receptors.1,2 Histamine

mediates inflammatory and allergic responses via H1 and H4 receptors,3,4 gastric acid

secretion via H2 receptors,5 and neurotransmitter release via H3 receptors.6 As detailed

below, there is increasing evidence that histamine might become one of the important

mediators (regulators) in oncology, sepsis, posttraumatic traumatic stress, embryonic

development and hematopoiesis.7

In humans, decreased activity of histaminergic neurons and of histamine levels in the brain

have been implicated in Alzheimer’s disease,8 attention-deficit hyperactivity disorder, and

aging-related disorders.9,10 In mice, the targeted gene deletion of histidine decarboxylase

(HDC), the only histamine-synthesizing enzyme, led to histamine-deficiency. These HDC

knock-out mice had undetectable tissue histamine levels, and showed all of the expected

abnormalities of histamine deficiency: impaired gastric acid secretion, and impaired passive

and cutaneous anaphylaxis.11 Advanced studies on the HDC knock-out mice revealed roles

of histamine in angiogenesis,12 sleep-wake circadian rhythm,13,14 male sex steroid

production,15 elevation of bone density and protection against ovariectomy-induced bone

loss,16 and bacterial eradication.17 In the latter study, when Escherichia coli was inoculated

into the peritoneal cavity of wild-type and HDC-KO mice, the bacteria were much more

rapidly eliminated in the knock-out mice than the wild-type. Furthermore, H1 and H2

agonists or antagonists, respectively, delayed or promoted bacterial clearance, though some

other evidence suggests that the role of histamine in this case may be complex.18 These

studies raise the possibility of using antihistamine drugs against bacterial infection or

osteoporosis.

The physiological actions of histamine are controlled not only by the receptors but also by

the inactivating enzyme histamine N-methyltransferase (HNMT) (EC 2.1.1.8). HNMT

occurs ubiquitously in vertebrate species and is widely expressed in mammalian tissues with

particularly high expression levels in kidney, liver, colon, prostate, ovary, and spinal cord

cells.19 HNMT is a cytosolic protein that is responsible for the intracellular inactivation of

histamine. In contrast to the remarkable substrate specificity of HNMT, its known potent

inhibitors are diverse in terms of their chemical structure and clinical pharmacology,20 and

many were originally developed to inhibit histamine receptors or other enzymes. H1-

receptor antagonists (conventionally called anti-histamines) are useful for relieving the

symptoms of an allergic reaction such as rhinitis, urticaria, and atopic dermatitis.21 Besides

anti-histamines, several anti-malarial compounds22,23 such as quinacrine and

amodiaquine,24–26 the antitumor agent metoprine,27–34 and an early drug for Alzheimer’s

disease called tacrine35–37 are among the most potent HNMT inhibitors known so far. Here,

we describe the structure of the H1-receptor antagonist diphenhydramine in complex with

HNMT and methyl donor analog S-adenosyl-L-homocysteine (AdoHcy). Diphenhydramine

is a first-generation anti-histamine that is a competitive inhibitor of histamine for H1

receptor on effector cells.38,39 We compare the mode of anti-histamine inhibition with the

other three potent inhibitors (amodiaquine, metoprine, and tacrine).
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Results

HNMT, a 292 residue protein, has a two-domain structure including the methyl donor S-

adenosyl-L-methionine (AdoMet) binding domain and a histamine-binding domain.40 We

solved four crystal structures of the human HNMT bound to four different inhibitors at

resolution limits of 1.9 Å (diphenhydramine), 2.3 Å (amodiaquine), 2.48 Å (metoprine), and

2.97 Å (tacrine) (Table 1). For each structure, the bound inhibitor in the histamine-bound

site is well defined and its crystallographic thermal factor is within the range of that of side-

chains involved in the interactions (Table 2). Except for amodiaquine, which exhibits a

mixed mode, all the other inhibitors showed a histamine-competitive mode, with inhibitor

constant (Ki) values in the 10–100 nm range41–43 (see below). In comparison, both reaction

products, AdoHcy and methylhistamine (1-methyl-4-[β-aminoethyl]-imidazole), are

inhibitors with Ki values in the micromolar range.40

Antihistamine diphenhydramine

We crystallized a ternary complex containing HNMT, AdoHcy, and diphenhydramine

(Figure 1(a)). AdoHcy is bound at the carboxyl ends of the parallel strands of the larger

domain, as described.40 The diphenhydramine is bound in a dipolar pocket where histamine

is normally bound (Figure 1(b)): a negatively charged glutamate (Glu28 or Glu246) located

at each end with aromatic rings lining two sides (Figure 1(c)). The Y-shaped hydrophobic-

ring structure of diphenhydramine contacts aromatic residues from different regions (Figure

1(d)): the N-terminal loop (Phe9), the loop after strand β4 of the AdoMet-binding domain

(Tyr146 and Tyr147) and the histamine-binding domain (Trp179, Trp183, Tyr198, and

Phe243). The phenyl ring of Phe9 points to the opening of the Y-shape (Figure 1(d)). The

tail amine group of the inhibitor extends toward the polar end of Glu28, where the terminal

nitrogen atom forms a hydrogen bond with an ordered water molecule. The water molecule

is in the center of a network of polar interactions involving three catalytic residues, N-

terminal Glu28, Gln143 of the carboxyl end of strand β4, and Asn283 of the C terminus

(Figure 1(d)). The structure presented here illustrates that diphenhydramine inhibits HNMT

by binding to the active site of the enzyme, thus sterically preventing substrate histamine

from binding.

Antifolate drug metoprine

The aromatic rings of metoprine bind deep in the active site pocket, with its dichlorophenyl

ring on the hydrophobic side and its pyrimidine ring near Glu28 (Figure 2). The inhibitor’s

two rings are nearly perpendicular to one another, with a torsion angle of ~102°. This

geometry is in close agreement with the structure of free metoprine, in which the torsion

angle is 110°.44

The four pyrimidine nitrogen atoms, two ring and two exocyclic amino, allow direct and

water-mediated hydrogen bonds. A water molecule mediates hydrogen bonds between ring

nitrogen N11 and the polar side-chains of Glu28, Gln143, and Asn283. Two amide nitrogen

atoms, N15 and N16, directly hydrogen bond the hydroxyl of Tyr147 and a carboxyl of

Glu28, respectively. The interaction between the amide N16 and Glu28 breaks the hydrogen

bond between the side-chains of Gln143 and Glu28, as also observed in the HNMT
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structures with diphenhydramine and amodiaquine (see below). The exocyclic methyl group

(C17) of the pyrimidine makes van der Waals contacts with Val173 (not shown) and

Trp179. Meanwhile, the chlorine atoms of the inhibitor’s dichlorophenyl ring make several

van der Waals contacts. CL14 contacts Tyr146, Cys196, and the main chain carbonyl

oxygen of Gln197 (not shown), while CL13 contacts Trp183, Tyr198, and the hydrophobic

methylene group (Cγ) of Glu246 (not shown).

Anticholinesterase drug tacrine

Tacrine (Figure 3(a)) binds in the active site pocket closer to the polar end of Glu28 than the

other inhibitors. On one side of the three-ring structure of tacrine is Tyr146, which stacks in

parallel with the tacrine aromatic rings, while on the other side of the tacrine rings and

perpendicular to them is Phe243 (Figure 3(b)). Along the inhibitor’s perimeter are Phe19,

Phe22, Trp179, Trp183, Cys196 (the closest distance of ~5.2 Å to one of the ring carbons),

and Glu246 (the closest distance of 4.2 Å to one of the ring carbon atoms). The tacrine ring

nitrogen is hydrogen bonded to the hydroxyl of Tyr147, while its amino nitrogen points

toward the side-chains of Glu28 and Asn283, but is not close enough to form a hydrogen

bond. This is probably due to the bulky size of the three-ring structure in van der Waals

contacts with the side-chains of Glu28 and Trp179, which prevent it from getting closer.

Nevertheless, the amino nitrogen excludes the active site water molecule, which was seen

with the other three inhibitors.

There are two known structures containing tacrine, the Torpedo californica

acetylcholinesterase (AcChE)45 and human carboxylesterase 1 (hCE1).35 In

acetylcholinesterase (PDB 1ACJ), tacrine stacks between Trp and Phe residues; its ring

nitrogen hydrogen bonded to a main-chain carbonyl oxygen, and its amino nitrogen

hydrogen bonded to two water molecules (Figure 3(c)). In vivo, tacrine inhibits HNMT more

potently than its purported target, acetylcholinesterase.46

While residues lining the HNMT and AcChE binding cavities are aromatic, the residues

lining the carboxylesterase binding cavity are aliphatic side-chains (PDB 1MX1); the ring

nitrogen of tacrine makes one hydrogen bond with this enzyme’s catalytic serine (Figure

3(d)). Comparison of the three tacrine binding proteins reveals that (1) the ring nitrogen

atom forms hydrogen bonds with the target protein either via a side-chain or main-chain

atom, (2) the three-ring structure is surrounded by hydrophobic residues dominated by either

aromatic or hydrocarbon side-chains, and (3) developing a tacrine derivative with selectivity

against just one of these enzymes would be challenging because of the high level of

similarity of their active site pockets, enriched with aromatic residues. This also includes

monoamine oxidase B,47 the enzyme that converts methylhistamine (the product of HNMT)

to methylimidazole acetaldehyde.48 However, tacrine derivatives could provide some

selectivity via interaction with the unique feature(s) of the each active site pocket (such as

Cys196 and Glu246 of HNMT).

Anti-malarial drug amodiaquine

Crystals of the HNMT-amodiaquine binary complex yielded a diffraction limit of 2.3 Å.

Unexpectedly, two molecules of amodiaquine (Figure 4(a)) were bound per enzyme
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molecule: one occupies the active site pocket and the other occupies a deep pocket on the

outer surface (Figure 4(b)). The quinoline ring structures of both amodiaquine molecules

show similar interactions with the enzyme: the quinoline ring in the active site pocket is

sandwiched between two aromatic side-chains of Tyr15 and Phe19, while the quinoline ring

in the outer surface pocket is between Tyr198 and Phe190 (Figure 4(c)). We suggest that the

inhibitor bound in the active site is a competitive component, while the inhibitor bound in

the outer surface pocket is an uncompetitive component. Because both competitive and

uncompetitive components are present, the inhibition showed a mixed mode, and this might

be the reason for its highest potency (the lowest KI value: 7.5 nM42 or 18.6 nM (derived

from Figure 4(f))) among the four inhibitors examined. An amodiaquine-Sepharose column

has been used for affinity purification of HNMT,49 probably via the more-accessible outer

surface-binding pocket. Interestingly, a single residue, Tyr198, acts as a “room divider”,

separating the two binding pockets.

The chlorine atom at position 11 of the amodiaquine in the active site pocket points outward

and contacts the side-chain of Gln94 (Figure 4(d)), a residue normally involved in AdoMet

or AdoHcy binding (see Figure 3(a) of Horton et al.40). This interaction between

amodiaquine and Gln94 probably affects proper binding of AdoHcy, explaining the poor

quality crystals of HNMT-amodiaquine in the presence of AdoHcy (not shown). The

exocyclic hydroxyl oxygen at position 19 hydrogen bonds the active site water molecule

(Figure 4(d)), which in turn interacts with three polar residues (Glu28, Gln143, and Asn283)

as observed in diphenhydramine (see Figure 1(d)). The alkylamino tail has two branches at

nitrogen position 21. Interestingly, we observed three identical “propeller blades” (Figure

4(e), top panel), by rotating the branch every 120°, surrounded by five aromatic residues,

W179, W183, Y198, Y147, and F243. In addition, the tail methyl group of one of the

branches is within hydrogen bonding distance of one of the carboxyl oxygen atoms of

Glu246 (2.8 Å), while the other tail methyl group is within van der Waals contact distance

of the Cys196 sulfur (3.4 Å) (Figure 4(e), bottom panel).

Discussion

A comparison between histamine-bound and inhibitor-bound HNMT structures clearly

illustrates a rearrangement of the substrate-binding pocket to accommodate inhibitor

molecules of various sizes. The most significant side-chain conformational changes are

observed for the aromatic rings from the N terminus (Phe9, Tyr15, and Phe19), which form

one wall of the active site pocket (Figure 1(c)) and can move to vary pocket size so as to

accommodate either the small substrate histamine or an inhibitor as large as amodiaquine.

For example, the phenyl ring of Phe9 interacts with two-ring Y-shaped structures of

diphenhydramine (Figure 1(d)), while Phe9 is disordered in complexes with amodiaquine or

metoprine, but in a different rotamer conformation when binding tacrine. The side-chain of

Tyr15 is disordered in complexes with diphenhydramine, while its aromatic ring is stacked

with the quinoline ring of amodiaquine (Figure 4(c)). While the phenyl ring of Phe19 stacks

on the other side of the quinoline ring of amodiaquine, a different side-chain rotamer

conformation is observed in complexes with diphenhydramine, metoprine, and tacrine. It

appears that the innate flexibility of the N-terminal region of HNMT is fortuitously

exploited to create a binding site for the structurally diverse inhibitor molecules.
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Given this apparently promiscuous binding, how is the specificity and tight binding of

HNMT inhibitors achieved? In each case, a key polar atom of the inhibitors (N1 of

diphenhydramine, O19 of amodiaquine, N11 and N14 of metoprine, and N15 of tacrine) has

the ability to form hydrogen bonds and occupies the HNMT active site, defined by the

water-bound network of Glu28, Gln143, and Asn283. The orientation and bonding

interactions clearly resemble those of the substrate complex.40 However, polar interactions

between the enzyme and inhibitor are limited (three in metoprine, two in amodiaquine, and

one each in diphenhydramine and tacrine).

These observations suggest that hydrophobic groups of the inhibitors and shape

complementarity between the protein aromatic side-chains and aromatic ring(s) of the

inhibitors are predominantly responsible for the nanomolar Ki values, despite the structural

diversity of these compounds. This is possible because the protein aromatic rings in the

active site pocket adopt different conformations that allow their hydrophobic groups to

maximize contacts with the hydrophobic portion of the inhibitor. For example, the quinoline

ring of amodiaquine is sandwiched face-to-face between Tyr15 and Phe19 (Figure 4(c)); the

pyrimidine ring of metoprine is sandwiched between Tyr146 (face-to-face) and Phe243

(face-to-edge) (Figure 2); the three-ring structure of tacrine is sandwiched between Tyr146

(face-to-face) and Phe243 (face-to-edge) (Figure 3(b)).

A comparison of the four HNMT–inhibitor structures illustrates differences in their modes

of binding, and suggests possible means of improving specificity and affinity. First, consider

interactions with Glu246, the negatively charged residue at the opposite end of the pocket

from Glu28 (Figure 1(c)). In binding diphenhydramine, the side-chain of Glu246 is

disordered. In binding amodiaquine, one of the carboxyl oxygen atoms is in hydrogen

bonding distance from the tail methyl group (Figure 4(e)); if the tail methyl group were

replaced with an amino group, a hydrogen bond could be formed. In binding quinacrine, one

of the chlorine atoms of the dichlorophenyl ring is in van der Waals contact with the Cβ

atom of Glu246 (not shown); if the chlorine atom were eliminated and the ring carbon atom

replaced with a ring nitrogen atom, a hydrogen bond could be formed.

Next consider nearby Cys196 (which is probably responsible for the inhibitory effect of SH-

group reagents on HNMT50). In binding amodiaquine, the Cys196 sulfur is in van der Waals

contact with one of the tail methyl groups of the inhibitor (Figure 4(e)). If the methyl group

were replaced with a sulfhydryl group, a disulfide bond could be formed. Similarly, for the

covalent disulfide bond attachment of a metoprine-like compound, replacing one the

chlorine atoms in the dichlorophenyl ring with sulfur (Figure 2(b)) might improve its

potency.

The structures of HNMT in complex with drugs, originally developed for diseases unrelated

to histamine, should aid in the design of new drugs with selectivity for their intended targets

over HNMT, or vice versa. It is also possible that visualization of diphenhydramine bound

to HNMT will assist in the development of new generation H1-receptor antagonists with

“dual” actions. A recent study demonstrated that inducible histamine reduced the excessive

innate immune response through the stimulation of H2-receptors,51 suggesting anti-

inflammatory effects of histamine. Similarly, a new class of potent and selective histamine
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H3 receptor ligands with combined inhibitory activity at HNMT has been designed.52 The

resulting dual effect of an antagonist (via H3 receptor) and an enzyme inhibitor (via HNMT)

could increase the levels of histamine in the synaptic space in a synergistic manner, and thus

greatly enhance the histaminergic neurotransmission in psychiatric and neurodegenerative

diseases.53

Summary

Our studies reveal how four different drugs bind to and inhibit human HNMT, an enzyme

that is not their normal target. The bulky, hydrophobic portions of these drugs occupy the

histamine-binding pocket, with the polar portions, atom(s) with potential to form hydrogen

bonds, occupying the center of the active site. Thus, access of the substrate histamine to

HNMT is blocked when any of these drugs is bound. Their tight binding is probably due to

the large number of van der Waals interactions with HNMT. The structurally diverse, rigid

hydrophobic groups of the drugs are accommodated by different rotamers of the HNMT

aromatic rings. These interactions suggest avenues for improving the pharmacologically

important HNMT inhibitors.

Materials and Methods

HNMT was expressed, purified and concentrated as described.40 HNMT inhibitors were

obtained from Sigma-Aldrich as hydrochloride salts (except for metoprine) and dissolved in

15 mM Tris–HCl (pH 7.4), 1 mM DTT, and 1% (w/v) polyethylene glycol (PEG) 400. We

obtained metoprine as a gift from Dr Nicol of Wellcome Research Laboratories, Research

Triangle Park, NC. It was first wetted with concentrated HCl, and kept at room temperature

for 15 min before water was added. The pH was adjusted with NaOH to approximately pH

4–5, and a 5 mM stock solution was made.

HNMT was pre-incubated with inhibitors (at two–threefold molar excess to protein) and

AdoHcy (at an approximately 2:1 ratio of AdoHcy to enzyme) for at least 2 h before

crystallization. Crystals were grown using the hanging-drop method with conditions being

19–26% PEG 6000, 100 mM Mes pH (5.5–6.2) and 5% ethylene glycol. All crystals had

space group P6, with two molecules in the asymmetric unit. The structures of HNMT–

inhibitor complexes were solved by molecular replacement of REPLACE,54 utilizing

coordinates of the protein component from the ternary structure with histamine and AdoHcy

(PDB 1JQD).40 Inhibitor models were built manually into densities of difference maps using

the program O.55 Refinement proceeded with the program CNS.56 Non-crystallographic

restraints were imposed during the refinement and were released at the later cycles for

higher resolution structures (diphenhydramine, amodiaquine, and metoprine). The r.m.s.

deviations for residues 5 to 292 between the two protein molecules of the asymmetric unit

were 0.6–0.8 (diphenhydramine, amodiaquine, and metoprine) or 0.03 (tacrine) (Table 1);

thus, only one monomer structure is described in the text. The protein–inhibitor interface

area was calculated with the CCP4 program areaimol.57

A radiometric procedure was utilized to measure HNMT activity as described.40 Inhibitor

(for each indicated concentration) was pre-incubated with HNMT (15 nM) and AdoMet (40
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μM). The reactions were started by the addition of histamine (5, 10, 20, and 40 μM). The

slope of each linear fit was plotted against the concentration of inhibitor and the intercept on

the x-axis gave an estimate of the Ki value.

Figures were drawn using the program Pymol, a user-sponsored molecular modeling system

with an OPENSOURCE foundation.†
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Figure 1.
Interactions of HNMT and diphenhydramine. (a) Chemical structure of diphenhydramine

(top panel). The simulated-annealing omit electron density map is contoured at 3.5σ above

the mean (bottom panel). (b) Ribbon diagram of HNMT-diphenhydramine-AdoHcy. The N

terminus is in blue and the C terminus in red. (c) Active site pocket of HNMT reconstituted

from the four structures. Residues adopting different rotomer conformation or disordered are

labeled in white letter against red background. The side-chains of Glu246 and Tyr15 are

disordered in the complex with diphenhydramine; the side-chain of Phe9 is disordered in the

complexes with amodiaquine and metoprine, and adopts one rotamer in diphenhydramine

and a different one in tacrine. (d) Detailed plot of HNMT–diphenhydramine interactions.

The nitrogen atoms are in blue and the oxygen atoms in red. The carbon atoms are in cyan

(HNMT) and in green (inhibitor). The broken lines indicate hydrogen bonds, whose

distances are indicated (in Å).
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Figure 2.
Interactions of HNMT–metoprine. (a) Chemical structure of metoprine (top panel).

Lineweaver–Burke plot (bottom panel). The slope of each linear fit was plotted against the

concentration of inhibitor and the intercept on the x-axis gave an estimate of Ki (91 nM). (b)

Detailed plot of HNMT–diphenhydramine interactions. Replacing the chlorine atom (CL14)

in the dichlorophenyl ring with sulfur might improve its interaction with Cys196 (indicated

by a double-ended arrow). The simulated-annealing omit electron density map is contoured

at 3.5σ above the mean (bottom panel).
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Figure 3.
Interactions of HNMT–tacrine. (a) Chemical structure of tacrine (left top panel). The

simulated-annealing omit electron density map is contoured at 3.5σ above the mean (left

bottom panel); Lineweaver–Burke plot (right panel). The estimate Ki is 38.2 nM. Tacrine

bound in (b) HNMT, (c) acetylcholinesterase, and (d) carboxylesterase. Broken lines

indicate the hydrogen bonds and distances are indicated (in Å).
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Figure 4.
Interactions of HNMT and amodiaquine. (a) Chemical structure of amodiaquine. (b) Two

molecules of amodiaquine bind per HNMT; one binds in the active site pocket and the other

in an outer-surface pocket. (c) Detailed plots of HNMT–amodiaquine interactions. The

branch structure of amodiaquine is disordered in the outer-surface pocket. (d) A network of

hydrogen bonds connects the side-chains of Tyr146, Qln143, Glu28, Asn283, Trp179, and a

water molecule. The water molecule interacts with the hydroxyl group of the phenyl ring of

amodiaquine. The chlorine atom of the quinoline ring of amodiaquine makes van der Waals

contacts with Cγ of Gln94. (e) The two alkylene chains rotate every 120°, and make them

look like three branches. The simulated-annealing omit electron density map is contoured at

3.5s above the mean (top panel). Besides the surrounding aromatic rings, one branch

interacts (indicated by double-ended arrows) with the side-chain of Cys196 and another

interacts with Glu246 (bottom panel). (f) Lineweaver–Burke plot. The estimated Ki is 18.6

nM.
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