M.Sc. Chanakan Tongsook

Biochemical characterization and kinetic studies
on S-adenosylmethionine-dependent
methyltransferases

Dissertation

Zur Erlangung des akademischen Grades einer
Doktorin der technischen Wissenschaften (Dr. techn.)

Erreicht an der
Technischen Universität Graz

Betreuer: Univ.-Prof. Mag. rer. nat. Dr. rer. nat. Peter Macheroux
Institut für Biochemie
Technische Universität Graz
Graz, 2016

ACKNOWLEDGEMENTS
I would like to express my gratitude to everyone who has helped and inspired me during my Ph.D.
study. I am sincerely grateful to my supervisor, Prof. Peter Macheroux, for his advices and usefully
encouraging visions and guidance throughout this study. This work cannot be achieved without his
help, his inexhaustible patience, giving me good opportunities to work in this research. I also would
like to thank for his help and suggestion for writing of this thesis.
My thesis committee members Prof. Karl Gruber and Assoc. Prof. Christian Windpassinger deserve
special thanks for dedicating time and knowledge to advise and support me during the time of my
PhD project. I would like to express my appreciation to Dr. Karin Athenstaedt for her time to be the
chair and Dr. Grit Daniela Straganz to be the member in the defense examination.
I am deeply grateful to all my colleagues, present and former members of my working group, for
their supports, for all valuable and motivating discussions, for giving me their help, and for many
friendships formed in the last years. My special thanks go to Silvia Wallner for her support in
matters of practical lab work and, for helping me at any times in any issues. I want to thank to our
girl group members; Eveline Brodl, Shalinee Jha, Karin Koch and Emilia Strandback for nice
conversations, motivating discussions and encouragements during our coffee/ice-cream breaks.
Furthermore, I wish to thank to Peter Augustin, Bastian Daniel, Majd Lahham, Wolf-Dieter
Lienhart, Barbara Steiner, Chaitanya Tabib and Marina Toplak for their valuable discussions and
providing nice atmosphere to work in our lab. Moreover, I sincerely thank to Rosemarie Trenker
for preparing hundreds of protein samples for MALDI-ToF measurements and Eva Frießer for
preparing essential materials for lab experiments.
I am also deeply grateful to all of collaborative partners for making my work diversified. Special
thanks go to Johannes Niederhauser, Dr. Michael Uhl, Prof. John B Vincent and Prof. Matthias
Mack for their help, data, nice discussions, and sharing their success with me.
I would like to thank to the highly motivated student: Elena Kronegger. It was a pleasure for me to
supervise her during her master project.
Sincere appreciation is expressed to my teacher, Prof. Pimchai Chaiyen for her kindness, useful
suggestions about academics in my master level and, certainly, for encouraging visions and
guidance about my work until now. I would like to thank to the Austrian Academic Service (ÖAD)
and the Doktoratskolleg (DK) Molecular Enzymology for funding supports.
I wish to thank to Thanyaporn Wongnate, Warintra Pitsawong, Kanokkorn Pimcharoen,
Patcharanan Choto, Pornprapa Bol and others Thai friends in Graz and Thailand for their supports,
nice conversations and motivations, and cheering me up when I was down.

i

My dearest appreciation goes to my beloved family for their loving support and understanding.
Without them, it would have been impossible for me to finish this work.
Finally I would like to thank all the people helping me, talking to me and giving me new
inspirations and ideas but are not mentioned namely.

ii

Abstract
Methyltransferases catalyze methylation processes involved in metabolism, signal
transduction, protein/DNA repair, and biosynthesis. S-adenosylmethionine (SAM) is the
major biological methyl donor in reactions catalyzed by methyltransferases. Several human
SAM-dependent methyltransferases in genes encoding polymorphisms are connected to
inherited diseases. Moreover, many small-molecule SAM-dependent methyltransferases
are applied for industrial bioprocessing i.e. biosynthesis of antibiotics. This work focuses
on the functional and structural characteristics of two SAM-dependent methyltransferases
and their genetic polymorphisms linked to intellectual disability and on a small-molecule
SAM-dependent methyltransferase essential for antibiotic biosynthesis.
Histamine N-methyltransferase (HNMT) catalyzes the degradation of histamine by
transferring a methyl group from SAM to histamine. HNMT is critically important for the
maintenance of neurological processes. Recently, two mutations in the encoding human
gene were reported to give rise to dysfunctional protein variants (G60D and L208P)
leading to intellectual disability. Determination of biochemical and structural properties of
the wild-type and variants were conducted and we confirmed that G60D disrupts the SAM
binding site leading the variant catalytically inactive. On the other hand, the L208P variant
showed reduced protein stability. This finding rationalizes the loss of enzymatic activity
observed in the L208 variants.
METTL23 is a putative SAM-dependent methyltransferase. Nonsense mutation and a 5 bp
frameshifting deletion lead to truncation of the putative METTL23 protein disrupting the
predicted catalytic domain and altering the cellular localization. Expression analysis of
METTL23 indicated a strong association with heat shock proteins, which suggests that
these may act as putative substrates for methylation by METTL23. Disruption of
METTL23 presented here supports the importance of methylation processes for intact
neuronal function and brain development.
N,N-8-demethyl-8-amino-d-riboflavin dimethyltransferase (RosA) catalyzes the final
dimethylation of 8-demethyl-8-amino-d-riboflavin (AF) to the antibiotic roseoflavin (RoF)
in S. davawensis. In the present study, we have solved the X-ray structure of RosA, and
determined its biochemical properties. The structure of RosA is similar to that of
previously described SAM-dependent methyltransferases featuring two domains: a mainly
iii

α-helical 'orthogonal bundle' and a Rossmann-like domain. Both substrates, AF and SAM,
bind independently to their respective binding pocket. This finding was confirmed by
kinetic experiments that demonstrated a random-order 'bi-bi' reaction mechanism. Both
products, RoF and S-adenosylhomocysteine (SAH), bind more tightly to RosA compared
to the substrates, AF and SAM. This suggests that RosA may contribute to roseoflavin
resistance in S. davawensis. The tighter binding of products is also reflected by the results
of inhibition experiments, in which RoF and SAH behave as competitive inhibitors for AF
and SAM, respectively. We also showed that formation of a ternary complex of RosA, RoF
and SAH (or SAM) leads to drastic spectral changes that are indicative of a hydrophobic
environment.
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Kurzfassung
Methyltransferasen katalysieren wichtige Methylierungsprozesse im Metabolismus, wie
Z.B.

Signalübertragungen,

verschiedenen

Protein/DNA

Biosynthesewegen.

Reparaturmechanismen

S-Adenosylmethionin

(SAM)

oder
ist

auch

hierbei

in
der

vorwiegende biologische Methylgruppendonor für die zuvor genannten Reaktionen.
Polymorphismen

bei

wichtigen

menschlichen

genen, die für

SAM-abhängigen

Methyltransferasen kodieren wurde bereits mit verschiedenen Krankheiten in Verbindung
gebracht. SAM-abhängige Methyltransferasen werden außerdem für industrielle Zwecke,
z.B. zur Herstellung von Antibiotika, verwendet. Der Fokus dieser Arbeit liegt auf der
funktionellen

und

strukturellen

Charakterisierung

zweier

SAM-abhängiger

Methyltransferasen, deren Polymorphismus zu starken geistigen Beeinträchtigungen der
Betroffenen führt. Außerdem wurde im Rahmen dieser Arbeit auch eine SAM-abhängige
Methyltransferase in der Antibiotikabiosynthese genauer untersucht.
Histamin-N-Methyltransferase (HNMT) katalysiert den Abbau von Histamin durch
Übertragung einer Methylgruppe von SAM auf Histamin. Dadurch besitzt HNMT eine
ausgesprochen wichtige Rolle in der Erhaltung neurologischer Prozesse. Vor Kurzem
wurde berichtet, dass zwei Mutationen im dem für HNMT kodierenden menschlichen Gen
zu veränderten Proteinvarianten (G60D und L208P) und intellektuellen Beeinträchtigungen
der betroffenen Personen führen. Im Rahmen dieser Arbeit wurden biochemische und
strukturelle Untersuchungen sowohl am Wildtyp als auch den beiden Proteinvarianten
durchgeführt. Der Austausch von G60 zu D60 beeinträchtigt die SAM-Bindeeigenschaften
und die enzymatische Aktivität der Proteinvariante, während für die L208P Variante eine
im Vergleich zum Wildtyp geringere Proteinstabilität und ein Verlust der enzymatischen
Aktivität festgestellt wurde.
METTL23 ist eine mutmaßliche SAM-abhängige Methyltransferase bei der verkürzte
Proteinvarianten ebenfalls mit starker mentaler Beeinträchtigung in Verbindung gebracht
werden. Bei diesen verkürzten Proteinvarianten kommt es zu einer Störung der
vorhergesagten katalytischen Domäne und zu einer Änderung der Lokalisierung des
Proteins innerhalb der Zelle. Expressionsversuche zeigten eine starke Assoziierung von
METTL23 mit "Heat Shock" Proteinen. Dies könnte darauf hindeuten, dass Heat Shock
Proteine potentielle Substrate für eine Methylierung durch METTL23 sind.
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N,N-8-Demethyl-8-amino-d-riboflavin dimethyltransferase (RosA) katalysiert den letzten
Dimethylierungsschritt von 8-Demethyl-8-amino-d-riboflavin (AF) zum Antibiotikum
Roseoflavin (RoF) in S. davawensis. Im Rahmen dieser Arbeit wurden sowohl die
Kristallstruktur als auch biochemische und kinetische Parameter von RosA untersucht. Die
Struktur von RosA ähnelt der Struktur zuvor beschriebener SAM-abhängiger
Methyltransferasen. Die beiden Substrate AF und SAM binden unabhängig voneinander in
ihren

jeweiligen

Bindetaschen,

Reaktionsmechanismus

bestätigt

Dissoziationskonstanten

für

Titratrationskalorimetrie

und

was

durch

werden

Substrate
UV/Vis

und

einen

"Random-Order"

konnte.
Produkte

Absorptions

Außerdem
mit

Spektromtrie

„Bi-Bi“
wurden

Isothermischer
ermittelt

und

Inhibierungsexperimente durchgeführt. Hierbei ergab sich, dass die beiden Produkte RoF
und S-Adenosylhomocystein (SAH) stärker an RosA binden als die Substrate AF und
SAM, und RoF und SAH als kompetitive Inhibitoren wirken. Dieses Ergebnis deutet auf
eine mögliche Bedeutung von RosA für die Roseoflavin-Resistenz in S. davawensis hin.
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CHAPTER 1
1. Introduction to methyltransferases and
methyl group donors

1.1 General aspects of methyltransferases and methyl group
donors
Methyltransferases (MTase; EC 2.1.1.X) catalyze methylation reactions occurring in all
living organisms. Methylation is the process of methyl transfer from methyl donors to a
wide variety of methyl acceptors including DNA, RNA, proteins, lipids, polysaccharides,
and a range of small molecules, leading to changes in physicochemical properties of the
methyl acceptors [1]. Methylation is the key reaction involved in several biological
processes i.e. biosynthesis, metabolism, detoxification, signal transduction, protein sorting
and repair, nucleic acid processing and epigenetic regulation [1,2].

1.2 Methyl group donors
There are several methyl group donors, which are utilized to drive methylation reaction.
Their structures are shown in Fig. 1.

Figure 1: Biological methyl donors

1.2.1 S-Adenosylmethionine
S-Adenosylmethionine (Adomet or SAM) is a biological sulfonium compound and the
major

methyl

donor

for

methylation

reactions

catalyzed

by

SAM-dependent

methyltranserases (MTases) [3,4]. SAM-dependent methyltransferases catalyze the transfer
2

of a methyl group from SAM to methyl acceptors such as proteins, nucleic acids,
phospholipids,

and

small

molecules,

yielding

a

methylated

product

and

S-

adenosylhomocysteine (SAH) [5]. SAM consists of a high-energy sulfonium center (Fig.
1), which activates the attached carbon (methyl group of SAM) toward nucleophilic attack
[6]. SAM is an ubiquitous cofactor and takes the second place after ATP [3]. Other methyl
group donors i.e. folate, betaine are also used by a few methyltransferases [7]. The strong
preference for SAM over the other methyl donors reflects the highly favorable
thermodynamics resulting from the methylsulfonium center which the G for SAM
hydrolysis in the reaction of SAM + homocysteine (Hcy)  SAH + methionine (Met) is 17 kcal/mol; in comparison the G for adenosine triphosphate (ATP) hydrolysis to
adenosine diphosphate and Pi is -7.3 kcal/mol [8,9]. SAM is generated from methionine
and ATP by methionine adenosyltransferase (MAT, EC 2.5.1.6) [10]. SAM itself exists in
two stereoisomers, (S, S)- and (R, S)-SAM. The former enantiomer is the biological active
form, but the latter is a potent inhibitor of methyltransferases [11]. Generally, humans
produce about 6-8 g of SAM and most of the generated SAM is utilized in methylation
reactions [5,12]. After the methylation, SAH is hydrolyzed to adenosine and homocysteine
by SAH hydrolase (EC 3.3.1.1) [5,12]. Both SAM and SAH function as metabolic
effectors to SAM-dependent methylation reactions. In addition, both of them appear to
have particular importance in the coordination and regulation of the cycle that converts
methionine to homocysteine (see section 1.3) [5,13].

1.2.2 Folate
Folate is a water-soluble B vitamin that is naturally found in a variety of foods and also
available in nutritional supplements. Folate is naturally occurring in the diet as folate,
while folic acid is a fully oxidized monoglutamate form that is used as a dietary
supplement [14]. Green leafy plants are rich sources of folate, but the vitamin is also found
in fruits, nuts, meats, seafood, eggs, and dairy products. Folate is essential for several
biological processes i.e. purine and pyrimidine synthesis and amino acid production.
Moreover, folate in the form of methylenetetrahydrofolate is used as a methyl donor for
methylation reaction of deoxyuridine monophosphate (dUMP) to deoxythymidine
monophosphate (dTMP) by thymidylate synthase. The other form of folate, 5-methyltetrahydrofolate (MTHF) (Fig. 1) also provides methyl groups for remethylation of
homocysteine, generating methionine in the methionine cycle [14,15]. There are three
3

enzymes, serine hydroxymethyltransferase (SHMT), methyltetrahydrofolate reductase
(MTHFR), and methionine synthase that are required for production of the methyl group
donors via the folate cycle. The latter enzyme is required to produce methionine, the
precursor of SAM in the methionine metabolic pathway. Besides its function as a methyl
donor, folate also has antioxidant effects that are relevant to asthma and allergy responses
[16,17]. Deficiency of folate can cause the impairment of several metabolic pathways in
the cell including hyperhomocysteinemia, low level of SAM and reduction of DNA
methylation [18]

1.2.3 Betaine and Choline
Betaine is a water-soluble compound, which plays roles in a variety of biological
processes, including DNA methylation. Betaine contains three chemically reactive methyl
groups connected to the central nitrogen atom (Fig. 1). Moreover, betaine functions as a
methyl donor, transferring its methyl group to homocysteine for generation of methionine
in the homocysteine remethylation system which the reaction is catalyzed by betainehomocysteine methyltransferase (BHMT) [15]. It is then converted into dimethylglycine,
which is eliminated consequently via the kidney [15]. Betaine is normally found in several
kinds of food sources, especially in wheats, grains, beets, spinach, seafood, and broccoli
[14]. In addition, betaine is produced by choline dehydrogenase through the irreversible
oxidation of choline. Choline (Fig. 1) also supports indirectly homocysteine methylation.
From a previous study of postmenopausal women, supplemental choline increases levels of
betaine and slightly attenuated levels of total homocysteine after six months [19]. Choline
functions in several biological processes [20]. It is a precursor of phosphatidylcholine and
sphingomyelin which are phospholipids involved in the maintenance of cell structure in
biological membranes. In addition, choline also helps movements of lipids in cells [21,22].
Choline is also a precursor of platelet-activating factor and acetylcholine [14]. Choline is
produced in small quantities by liver. However, it is found in many kinds of food,
including soybeans, egg, peanuts, cauliflower, lentils, and flax seeds [23]. In animal
models, choline supplementations reduced the inflammatory responses in patients with
inflammatory arthritis [24], suppressed inflammatory responses to ovalbumin in a mouse
model of allergic airway disease, and decreased generation of the reactive oxygen species
[25]. In contrast, choline deficiency caused the loss of membrane phosphatidylcholine
inducing cell apoptosis [26]. Increase of oxidative stress and changes of antioxidant
4

properties were presented in a choline-deficient diet fed mouse model [27]. In addition, a
choline-deficient diet lowered formation of methionine in animal livers by 20-25%,
probably because less choline was available and supplied for conversion into betaine.
Consequently, the effect of choline deficiency also leads the reduction of SAM by 60% and
the increase of SAH by 50% in rat liver [28].

1.3 Metabolism of SAM
SAM is a key molecule that is found in all organisms and involved in several biological
processes. Generally, SAM has been known as the principle biological methyl donor.
Besides being a key methyl donor, SAM is the precursor of aminopropyl groups utilized in
the biosynthesis of polyamines and in the liver, it is also a precursor of glutathione, the
major cellular anti-oxidant (see details in section 1.4) [5,6,12]. SAM participates in a wide
variety of biological reactions encompassing three major types of reactions;
transmethylation, transsulfuration, and aminopropylation (biosynthesis of bioamines) (Fig.
2) [6,29].
In transmethylation reactions (the methionine cycle), SAM is synthesized from methionine
and ATP in the reaction catalyzed by methionine adenosyltransferase (MAT) [10], which is
encoded by two different genes, MAT1A and MAT2A, for two homologous MAT catalytic
subunits, α1 and α2 [5]. The expression of each type of MAT depends on the type of tissue.
MAT1A is expressed solely in the liver and it encodes the α1 subunit found in two native
MAT isozymes, which are either a dimer of MAT III or a tetramer of MAT I. While
MAT2A encodes the α2 subunit found in the native MAT isozyme (MAT II) present in
almost all tissues [5,6,30]. SAM functions primarily as the universal methyl donor,
transferring methyl group to a wide range of acceptors from small molecules to
macromolecules [5]. Although each of the SAM-dependent methyltransferases catalyzed
the methyl transfer to their specific substrates, the common product of all methylation
reaction is SAH. Both SAM and SAH are potent effectors. Most of SAM-dependent
methyltransferases are inhibited by increases in SAH and decreases in SAM concentrations
[5,31]. Thus, the removal of SAM is required to maintain the flow of the methionine cycle.
S-Adenosylhomcysteine (SAH) hydrolase (SAHH; EC 3.3.1.1) catalyzes the hydrolysis of
SAH to adenosine and homocysteine, which is a reaction occurring in all cells. This
hydrolysis reaction is reversible and the equilibrium of SAH hydrolase favors the
5

formation of SAH. Thus, to prevent accumulation of SAH, both homocysteine and
adenosine need to be metabolized or transported out of the cells [5,12,32].

Fig. 2: Synthesis and metabolic pathways (transmethylation, transsulfuration, and
aminopropylation) for SAM. MAT: methionine adenosyltransferse; MTase:
methyltransferase; SAHH: S-adenosylhomocysteine hydrolase; MS: methionine synthase;
BHMT: betaine-homocysteine methylransferase; DHFR: dihydrofolate reductase; SHMT:
serine hydroxymethyltransferase; MTHFR: methylenetetrahdrofolate reductase; CBS:
cystathionine β-synthase; CSE: cystathionine -lyase. In aminopropylation, SAM is
decarboxylated and then the decarboxylated SAM (dcSAM) is channeled into the
polyamine biosynthesis pathway [6,29].

There are two pathways, remethylation and transsulfuration that are utilized for
homocysteine metabolism (Fig. 2) [29,31]. The remethylation pathway in the methionine
cycle is the conversion of homocysteine to methionine where homocysteine acquires a
methyl group from either betaine or 5-methyltetrahydrofolate. Betaine, the metabolite from
choline oxidation, transfers the methyl group to homocysteine for regeneration of
methionine by the catalysis of betaine-homocysteine methyltransferase (BHMT) (Fig.2),
which is mainly expressed in liver and kidney [33]. The other remethylation of
homocysteine is catalyzed by methionine synthase (MS), occurring in all mammalian
6

tissues. MS is an enzyme in the folate cycle. It utilizes a methyl group provided from 5methyltetrahydrofolate

(methylTHF).

This

methyl

donor

is

produced

by

methylenetetrahydrofolate reductase (MTHFR). In the remethylation, MS requires
methylcobalamin as its cofactor and this reaction is a part of folate and vitamin B12
metabolism (Fig 2). The other pathway of homocysteine metabolism is transsulfuration,
which is the process to irreversibly degrade homocysteine to cysteine (Fig. 2).
Condensation of homocysteine with serine to form cystathionine is catalyzed by the
vitamin B6-dependent cystathionine β-synthase (CBS). Consequently, vitamin B6dependent cystathionine -lyase (CSE) catalyzes the hydrolysis of cystathionine to cysteine
and α-ketobutyrate. Cysteine reacts with glutamate and then glycine through two
consecutive reactions to produce glutathione, which is an endogenous cellular antioxidant
and an essential compound for detoxification of several xenobiotics [6,34]. CBS in human
is expressed in liver, kidneys, muscle, brain, and ovary and also during early
embryogenesis in the neural and cardiac systems [35]
In the aminopropylation pathway SAM is utilized as a precursor for polyamine
biosynthesis. SAM is decarboxylated by SAM decarboxylase (EC 4.1.1.50) and its
aminopropyl group is subsequently transferred, first to putrescine and then to spermidine to
form polyamines (Fig. 2). Compared to transmethylation, ca. 5% of the available SAM is
required for polyamine biosynthesis [5]. However, increased polyamine synthesis can be
markedly induced during liver regeneration [36] and early hepatocarcinogenesis [37].
SAM is a metabolic effector for the regulation of activities of enzymes involved in the
transmethylation and transsulfuration pathways. SAM functions as an allosteric inhibitor of
MTHFR and as an activator of CBS. In the folate cycle (Fig. 2), increasing level of SAM
suppresses the synthesis of MTHF, which is an important substrate for remethylation of
homocysteine to methionine [13,31]. In the methionine cycle, SAM inhibits the activity of
MAT II and also down-regulates MAT II gene expression in hepatocytes. Conversely, low
concentration of SAM induces the expression of this gene in liver cells [38]. In addition to
the metabolic effector SAM, increased SAH also affects both transmethylation and
transsulfuration pathways. SAH inhibits methionine synthase and also betainehomocysteine methyltransferase activities [13]. SAH limits its own synthesis by inhibiting
virtually all SAM-dependent methyltransferases. Concurrently, SAH increasing shifts
SAHH reaction in the direction of SAH hydrolysis. As described above, SAH inhibits the
reactions of both methionine synthase and betaine-homocysteine methyltransferase, which
7

may increase the concentration of homocysteine. To maintain homocysteine at adequate
levels, SAH and increased homocysteine activate the CBS activity to convert
homocysteine through the transsulfuration pathway [13].

1.4 Other functions of SAM
SAM is a biological sulfonium compound known as the main biological methyl donor for
methylation reaction, transferring methyl group(s) to wide ranging of substrates from small
molecules to macromolecules. However, SAM is not only a methyl donor, but also a
source of a variety of chemical groups, that are generated from several reactions as shown
in Fig. 3. Interestingly, these reactions are driven by the electrophilic character of the
carbon center of SAM that is adjacent to the positively charged sulfur atom [39].

Fig. 3: S-Adenosylmethionine, a source of chemical groups. The reactions shown are
catalyzed by (a) cyclopropane fatty acid (CFA) synthase, (b) 7,8-diaminopelargonic acid
(DAPA) synthase, (c) SAM-tRNA ribosyltransferase-isomerase (QueA), (d) 1aminocyclopropane-1-carboxylic acid (ACC) synthase, (e) acylhomoserine lactone
synthase (ACP: acyl carrier protein), (f) 3-(3-amino-3-carboxypropyl)uridine (Acp3U)
synthase, (g) SAM decarboxylase and spermidine synthase [39].

8

1.4.1 SAM as a source of methylene groups
Cyclopropane fatty acid (CFA) synthase catalyzes the formation of CFA formed by
methylenation of the double bond of unsaturated fatty acids using the methyl group of
SAM (Fig. 3(a)) [39,40]. CFAs are found in the phospholipids of eubacteria and some
eukaryotic organisms [40,41]. The mechanism of CFA formation catalyzed by CFA
synthase involves the nucleophilic attack from fatty-acid double bond to the electrophilic
methyl group of SAM, resulting in formation of SAH and a carbocationic form of the
methylated substrate (Fig. 3(a)). A basic residue in the active site facilitates deprotonation
of the methylated substrate and then ring closure follows [40].

1.4.2 SAM as a source of amino groups
7,8-Diaminopelargonic acid (DAPA) is produced by the transfer of the amino group of
SAM to 7-keto-8-amino pelargonic acid (KAPA) (Fig. 3(b)), which is the antepenultimate
reaction step in biotin biosynthesis catalyzed by DAPA synthase, a pyridoxal 5'-phosphate
(PLP)-dependent aminotransferase [42]. The three-dimensional structure of DAPA
synthase belongs to the type-I fold of aminotransferases which was first described for
aspartate aminotransferase [43].

1.4.3 SAM as a source of ribosyl groups
SAM also donates its ribosyl group in the penultimate step of the biosynthesis of
queuosine, a hypermodified tRNA nucleoside (Fig. 3(c)) [44]. Queuosine, a 7deazaguanosine containing an aminomethyl cyclopentenediol sidechain occurs exclusively
at position 34 in the anticodon loop of bacterial and eukaryotic tRNAs, coding for
asparagine, aspartic acid, histidine, and tyrosine. SAM-tRNA ribosyltransferase-isomerase
(QueA) catalyzes the transfer of the ribose moiety of SAM to 7-aminomethyl-7-deazaguanosine in tRNA-preQ1, following the rearrangement to the epoxy-carbocycle (tRNAoQ) [45].

9

1.4.4 SAM as a source of aminoalkyl groups
1-Aminocyclopropane-1-carboxylic acid (ACC), the precursor of plant hormone ethylene,
is synthesized from conversion of SAM to ACC and 5’-methylthioadenosine (5’MTA) by
the PLP-dependent ACC synthase (Fig. 3(d)) [46]. The transformation of SAM to ACC
and 5’MTA initiates the formation of a PLP-substrate aldimine adduct and deprotonation
of the α carbon (C2) of the amino acid moiety of SAM. The 5’MTA moiety of SAM is a
good leaving group that facilitates the intramolecular nucleophilic attack of the C4 carbon
by the activated C2 carbanion. ACC is released after hydrolysis of the PLP-ACC adduct.
Consequently, ACC is oxidized to ethylene by ACC oxidase [47]. In addition, Nacylhomoserine lactone, which is produced in luminescent bacteria and participates in
inter-bacterial communication adopts the aminobutyryl group derived from SAM and the
acyl group provides by acyl carrier protein (Fig. 3(e)) [48]. The other example is the
synthesis of 3-(3-amino-3-carboxypropyl)uridine (acp3U) in phenylalanine tRNA by
alkylation with the aminocarcoxypropyl group of SAM (Fig. 3(f)) [49].

1.4.5 SAM as a source of 5’-deoxyadenosyl radicals
Radical SAM enzymes catalyze reductive cleavage of SAM, yielding methionine and a
highly oxidized 5’-deoxyadenosyl radical intermediate [50]. The latter radical then
abstracts a hydrogen atom from a substrate to generate 5’-deoxyadenosine and a substrate
radical, which is then converted to the final reaction product [51]. For instance, RlmN, a
radical SAM methyltransferase catalyzes the methylation of adenosine 2503 at C2 in 23S
rRNA [52] (see section 1.5.2).

1.5 Methyltransferases
Methylation, the addition of a methyl group to biologically active molecules, is an
important biological process, which is involved in biosynthesis, detoxification, signal
transduction, nucleotide and protein modifications [1]. In the 1950s discovered by
Cantoni’s group, SAM serves as the actual methyl donor [53] and at that time SAM was
thought to methylates only small molecules. Later in the 1960s the nature of protection of
bacterial DNA by modification enzymes against cognate restriction i.e. methylation was
discovered [54]. Presently, hundreds of methyltransferases (about 323 MTases) catalyzing
the diversity of methylation have been discovered (http://enzyme.expasy.org/EC/2.1.1.-).
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Although several classes of methyltransferases are known, the great majority of
methylation reaction is catalyzed by S-adenosylmethionine methyltransferase (SAMMTase) [9]. Recently, methylation reactions catalyzed by radical SAM methyltransferases
have been discovered. These radical SAM-MTases methylate their substrates at unreactive
non-nucleophilic centers through a radical mechanism [55] (see section 1.5.2). Besides the
major methyl donor SAM, various forms of folate donate methyl groups to several targets.
A well-known folate-dependent methyltransferase is thymidylate synthase [56] (see section
1.5.3).

1.5.1 SAM-dependent methyltransferases
A wide variety of substrates, ranging from small- to macro-molecules, are the targets for
methylation by SAM. The addition of a methyl group occurs at C, O, N, S atoms of the
targets or even at halide and arsenic atoms.
For O-methylation, the most widely studied enzyme is catechol-O-methyltransferase
(COMT; EC 2.1.1.6), which catalyzes the methylation of small molecules containing a
catechol structure, involved in the elimination of catechol-based neurotransmitters,
catechol steroids, and xenobiotic catechols [57]. In addition, plants appear to be rich
sources of O-MTases. For instance, caffeic acid and caffeoyl-CoA O-methyltransferases
(C-3-OMT and CCoAOMT, respectively) are the enzymes involved in lignin biosynthesis
(Fig. 4) [58]. Besides small molecule O-methyltransferase, O-methylation of carbohydrate
derivatives and dicarboxylic amino acids are abundant in nature [9].
N-methyltransferases such as protein arginine and protein lysine N-methyltransferases,
play an important role for post-translational modifications [55]. In chromosomal DNA, N6methyladenine (N6mA) and N4-methylcytosine (N4mC) are found to be produced by DNA
methyltransferases [9]. Moreover, RNA methylation at N7-guanosine, N1-guanosine and
N1-adenine are also found. N-methyltransferases also play a prominent role in natural
product biosynthesis and are particular prevalent in the biosynthesis of many alkaloids
produced by plants [55]. N-methyltransferases are also common in the secondary
metabolism of bacteria [55]. For example, Asm10 methylates the amide NH group of a
macrolactam precursor in the ansamitocin biosynthesis, a potent antitumour agent
produced in Actinosynnema pretiosum (Fig. 4) [59].
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DNA and RNA methylation at C-atoms of nucleotides such as C5-methylcytosine, C5methyluridine, and C2-methyladenine are catalyzed by C-methyltransferases. For
biosynthesis, C-methyltransferases generally catalyze the methylation of nucleophilic
atoms of ketones and phenolic substrates [55]. Some bacterial C-methyltransferases also
catalyze stereoselective methylation of α-keto acids derived from glutamate, phenylalanine,
arginine, and tryptophan. An example of this stereoselective methylation catalyzed by
GlmT yields (3R)-methyl-2-oxoglutaric acid, which is then transaminated by the branched
chain amino acid transaminase IlvE (SCO5523) to produce (2S,3R)-methylglutamic acid, a
precursor in the biosynthesis of calcium-dependent antibiotics (Fig. 4) [60].

Fig. 4: Methylation reactions by SAM-dependent methyltransferases at O-, N-, C-, atoms
of the target substrates [55].

The other lesser-known methyltransferases are halide methyltransferases from plants and
microorganisms, which add a methyl group to either chloride, bromide, or iodide, resulting
in the formation of methylhalides [61]. Selenium (Se) and arsenic (As) methylation are
required for detoxification pathways in plants and bacteria [9,55]. Conversion of the toxic
12

selenocysteine to Se-methylselenocystein which is then metabolized to dimethyldiselenide
(CH3SeSeCH3, a volatile compound) is catalyzed in plants by selenocysteine
methyltransferase to reduce the selenocysteine toxicity and emit it into the atmosphere
[62]. In addition, microorganisms and plants also metabolize arsenic by methyltransferases
to generate the volatile trimethylarsine [63].

1.5.1.1 Mechanism of SAM-dependent methyltransferases: methyl group transfer
Since SAM contains a high-energy sulfonium ion (Fig. 1) that facilitates the nucleophilic
attack on the attached carbon atoms. Thus, SAM-dependent methyltransferases catalyze
the transfer of the methyl group from SAM through the SN2 mechanism, which requires a
linear rearrangement of the nucleophilic methyl acceptor, the methyl carbon and the
thioester leaving group of SAM in the transition state. The methylation reaction catalyzed
by SAM-MTases is the nucleophilic attack (SN2) at sp3 of the methyl carbon of SAM [9].
In Fig. 5, an example is presented for the reaction mechanism of the N6-adenine
methylation catalyzed by a DNA SAM-MTase, RsrI [64]. The nucleophilic attack of N6adenine toward the methyl group of SAM is facilitated by H-bond interaction to the
peptide backbone between Pro66 and Pro67 and deprotonation of adenine by a proximal
basic residue Asp65 [64]. Even though, methyl transfer reactions by SAM-dependent
methyltransferases mainly occur via the nucleophilic attack of target atom of substrates,
there are still several SAM-dependent methyltransferases defined as radical SAM
methyltransferases which employ methylation through a radical-mediated mechanism (see
section 1.5.2)

Fig. 5: Proposed catalytic
methyltransferase, RsrI [64].

mechanism
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In the case of O-, N-, and S-methylation, oxygen, nitrogen, or sulfur acts as the nucleophile
that attacks the methyl group of SAM following a direct methyl transfer in the S N2
transition state [9]. In contrast to O-, N-, and S-methylation, methyl transfer for Cmethylation requires the generation of a carbanion on the target substrate to accept the
methyl group from SAM, since the carbon atom is not a readily polarized nucleophile and
there are normally no lone-pair electrons available. Generating a carbanion of a methyl
acceptor for C-methylation is achieved when that carbon is a part of a resonance structure,
i.e. ketone and phenolic compounds. Thus, C-methylations occur to the target carbon next
to –C=C– double bond. In addition, C-methylation needs additional steps during catalysis
to generate a carbanion at the target carbon [9]. For instance, C5 cysteine methylation
catalyzed by DNA methyltransferases, the sp2-hybridized carbon requires nucleophilic
assistance by a cysteine residue at the active site [65].

1.5.1.2 Classification of SAM-dependent methyltransferases
Currently, SAM-dependent methyltransferases are categorized in five classes based on
their structural features [66]. The tertiary structures of the five classes of SAM-dependent
methyltransferases are presented in Fig. 6 [66].
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Fig. 6: The tertiary structures of the five classes of SAM-dependent methyltransferases,
represented ribbon models (left) and topology diagrams (right). (a) Class I: the major group
of SAM-dependent methyltransferases consisting of the MTase core, a seven-stranded β
sheet with three helices flanking each side ((a): the structure of M.Hhal). (b) Class II: the
methionine synthase domain containing a series of long β strands and the SAM binding
pocket in a shallow groove on the surface ((b): the structure of MetH). (c) Class III: the
CbiF structure consists of the SAM binding pocket located between the two αβα domains
and the active site located in the N-terminal domain. (d) The SPOUT family, the SAH
binding pocket located at the C-terminus of a knot structure (highlighted in magenta) ((d):
the structure of Yibk). (e) Class V: SET domain of histone-lysine-N-methyltransferase
[66].
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Class I
Class I is the major group of SAM-dependent methyltransferases. The structure of enzymes
belonging to this class is remarkably similar, containing the shared MTase fold
(incorporation of β strands, β1-β7, and α helices, αZ and αA-αE) comprising a sevenstranded β sheet with a central topological switch-point and a reversed β hairpin at the
carboxyl end of the sheet (6 7 5 4 1 2 3) (Fig. 6(a)) [66]. The seven-stranded β
sheet is flanked with six α helices which are located on either side of the β sheet, forming a
doubly wound open αβα sandwich (Fig. 6(a)) [1,9,66]. The MTase fold is remarkably
similar to the Rossmann fold that consists of a continuous six-stranded parallel β sheet. The
only difference between these two folds is the addition of the antiparallel β7 strand
between β5 and β6 in the MTase fold [9]. It should be noted that class I members have a
remarkable structural consistency, even though they catalyze the methylation of a wide
range of substrates and have only 10% similarity out of the sequence level [55]. Despite
this low sequence similarity (~10%), there are still three highly conserved regions; the loop
next to 1 strand of the MTase fold (“the G loop”, exhibiting the motif GxGxGx or GxG),
an acidic residue at the carboxyl end of the 2 strand, and the loop (a hydrophobic
Val/Ile/Leu motif) next to the 4 strand (in the P loop) [9]. Generally, in SAM-dependent
methyltransferases, the SAM-binding region is localized at the amino-terminal part of the 
sheet of the MTase fold and is formed in part by residues from loops following 1-3
strands [1]. The three highly conserved regions, the G loop, the acidic residue at the
carboxyl end of the 2 strand and the P loop, participate in SAM binding with interactions
to the methionine carboxylate, the hydroxyl groups of the ribose, and the methionine amino
group of SAM, respectively [9]. The substrate binding region is localized at the carboxyl
terminal end of the  sheet of the MTase fold [1]. With the diversity of sizes, shapes and
chemical properties of substrates, additional domains are inserted in the MTase fold for
substrate recognition [1,66].
The three dimensional structure of catechol O-methyltransferase (COMT), one of the
smallest structures of SAM-dependent methyltransferases, with SAM and the inhibitor 3,5dinitrocatechol contains only the consensus MTase core and exhibits SAM- and substratebinding sites at the carboxyl and amino terminal ends, respectively (Fig. 7) [67]. The
amino acid residue G66 in the glycine motif (in the G loop), and E90, the conserved acidic
residue at the carboxyl end of 2, play a role for SAM binding. In the substrate binding
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pocket with the native substrate (catecholamine) modelling, proton abstraction at the
hydroxyl catechol is induced by K144, facilitating a direct nucleophilic attack of the
phenolate substrate to the methyl group of SAM. The other catechol hydroxyl group is
stabilized by E199 through H-bond interaction. W38 and W143 contribute hydrophobic
contacts for dihydrocatechol binding (Fig. 7) [67].

Fig. 7: The three-dimensional structure of COMT with SAM and 3,5-dinitrocatechol
(DNC) (pdb: 1VID). Cartoon representation of COMT with binding of SAM, and 3,5DNC, showing α helices in cyan,  sheets in magenta, loops in tint, SAM in yellow, and
3,5-DNC in grey. Amino acid residues that interact with SAM and 3,5-DNC are shown as
green and orange sticks, respectively [67].

Class II
Methionine synthase (MetH), a cobalamin (vitamin B12)-dependent methyltransferase,
catalyzes the transfer of a methyl group from methyltetrahydrofolate to homocysteine,
generating methionine and tetrahydofolate [68]. The catalytic cycle of methionine synthase
is initiated by the transfer of a methyl group of the folate derivative to the cobalamin
cofactor and subsequently to homocysteine. Occasionally, the cobalamin cofactor
undergoes oxidation and needs a reductive reactivation by SAM and an electron source. In
this case, SAM serves as a methyl donor for the cobalamin reactivation and is bound to the
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C-terminal domain of MetH. The source of electron is either flavodoxin/NADPHflavodoxin oxidoreductase in E. coli or methionine synthase reductase in humans [69].

Fig 8: (a) The 3D-structure of complex of MetH, SAH, and cobalamin (Co(II)Cbl);
showing the SAM binding domain in blue, the cobalamin binding domain in red, and the
Cap domain in yellow. (b) Surface performance of the SAM binding domain in blue, the
cobalamin binding domain in red. (c) Interactions of residues at SAM binding domain to
SAH and cobalamin. Dashed lines represent H-bond interactions [71].

The MetH reactivation at the C-terminal domain contains a long, central, antiparallel 
sheet flanked by groups of helices at either end (Fig. 6(b)) [66,70]. The SAM binding site
is localized in a shallow grove along the edges of the  strands, forming H-bonds to a
conserved RxxxGY motif [66,70]. As seen in Fig. 8 [71], two invariant residues; Y1139,
the residue in the conserved motif of RxxxGY, and E1097 interact with the water
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molecule, that coordinates to Co(II) of the cobalamin.

Reposition of these residues

induced by SAM (SAH) binding generates their H-bond interactions to the water formerly
bound to Co of cobalamin which stabilizes the reactivation conformation and thereby
facilitates reduction of cobalamin and consequently methyl transfer from SAM.

Class III
Cobalt-precorrin-4 methyltransferase (CbiF), a SAM-dependent methyltransferase,
catalyzes the methylation of carbon atoms in large, planar precorrin during cobalamin
biosynthesis [72]. CbiF is a homodimer comprising two α/β domains, each containing a
five stranded β sheet flanked by four α helices. The two domains are linked by a single coil
(Fig. 6(c)) [66,72]. However, the two domains have no topological similarity. Unlike the
class I SAM-MTase, a conserved GxGxG (GAGPG, residues 27-31) motif at the carboxyl
terminal end of β1 strand does not contact the SAM binding site but instead is localized in
a large trough between the two domains (Fig. 6(c)). In the SAM-binding pocket, E103
forms H-bonding interactions to the carboxyl and amino group of homocysteine. T101,
M106 and a water molecule also interact with the amino group of homocysteine amine
through H-bonding. While there are hydrogen bonds between the homocysteine moiety of
SAH and the partially conserved T131 and S132 through the side chain hydroxyl groups
(Fig. 9) [72].

Fig. 9: Schematic representation of the SAH binding pocket with surrounding residues.
Dashed lines represent H-bond interaction [72].
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Class IV
SPOUT methyltransferases (spoU and trmD RNA methylase superfamilies) are a class of
SAM-dependent methyltransferases. They present an unusual fold with a very deep
topology knot (classified as the α/β knot superfamily) at the C-terminus, formed by the last
30 residues and residues in the last α helix (Fig. 6(d)) [66,73]. SAM-dependent
methyltransferases, i.e. RNA methyltransferases, in the SPOUT family share a common
fold characterized by a 5-stranded parallel β sheet sandwiched between two layer of
helices. Moreover, the SPOUT domain can be subdivided into the variable N-terminal
subdomain (Rossmanoidal α/ fold) and the conserved C-terminal trefoil knot [74].
Insertion of at least an α/β module in many enzymes occurs at the N-terminal subdomain
and the latter subdomain plays an important role for SAM binding. The cofactor binding
loop in the knot of one protomer is stabilized by interactions with the other protomer.
Moreover, structures of SPOUT members revealed that the active site is formed from
participation of residues of both protomers. It should be noted that SPOUT members are
generally present as dimers, which is essential for the methylation activity. There are two
modes for protein dimerization where the two  sheets from the two monomers are in a
‘perpendicular’ (TrmL) [75] or ‘antiparallel’ (TrmD) [76] mode (Fig. 10).

Fig. 10: Two modes of dimerization observed among SPOUT methyltransferases: (left)
‘perpendicular’ mode dimerization of TrmL (pdb: 4JAL) from E. coli [75], (right)
‘antiparallel’ mode dimerization of TrmD (pdb: 1OY5) from Aquifex aeolicus [76].
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Class V
Protein methylation of lysine or arginine side chains is characterized as epigenetic targets,
since it can regulate activities on histones and transcription [77]. Protein lysine
methyltransferases (PKMTs) contains a catalytic SET [originally derived from three
Drosophila genes involved in epigenetic processes: Su(var)3-9; En(zeste); Trithorax (78)]
domain of approximately 130 amino acids. SET-domain methyltransferases catalyze the
methylation of lysine in the flexible N-termini of histones, including ribulose-1,5bisphosphate carboxylase (Rubisco) [79]. Four highly conserved motifs, which are SET
motif I (GxG), SET motif II (YxG), SET motif III (RFINHxCxPN) and SET motif IV
(ELxFDY) have been found in SET-domain proteins [80]. The four conserved motifs
participate in the three steps of methylation, i.e. binding of SAM (motif I, and the first half
of motif III), methyl transfer (the Tyr of motif II), formation of the hydrophobic target
lysine-binding channel (the second half of motif III and motif IV) [80]. Typically, SETdomain methyltransferases contain a series of eight curved  strands forming three small
sheets (Fig. 6(e)) and the C-terminus tucked underneath a surface loop forming an unusual
knot, not found in the other classes of SAM-dependent methyltransferases [66,72].
Formation of the knot structure leads the two conserved domains, motif III and IV, to form
an active site, which is located next to the SAM-binding pocket and the hydrophobic target
lysine-binding channel [80]. Besides the SET-domain, I-SET (immunoglobulin-SET) and
post-SET domains also participate in the lysine-binding channel and SAM-binding site
[81]. Upon the methyl transfer, a target lysine residue binds to the hydrophobic channel
within the SET domain and is reoriented by hydrogen-bond interaction of the terminal 
amine to the hydroxyl of the catalytic Tyr (in SET motif II, Tyr245 in SET7/9) (Fig. 11)
[80,82]. Moreover, a water channel facilitates deprotonation during the methyl transfer
(Fig. 11). Normally, lysine may possibly acquire one, two, or three methyl groups from
SAM. Some SET-domain enzymes, for instance, the Tyr305 in SET7/9 (Fig. 11) plays role
for substrate specificity since the hydroxyl of Tyr305 may act as a source of steric
hindrance, limiting the methylation, Thus, SET7/9 catalyzes only lysine monomethylation
because steric hindrance from Tyr305sterically block further methylation [80,82].
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Fig. 11: Schematic representation showing interactions of the amino group of lysine 4 in
SET7/9 with the surrounding residues and a water channel in the presence of SAM [82].

The other protein SAM-dependent methyltransferase is protein arginine methyltransferase
(PRMT), which catalyzes methyl transfer to flexible N termini of arginine of histones.
PRMTs are structurally unique and different from SET-domain protein lysine
methyltransferases. At their catalytic core, the proteins comprise three domains: MTase
domain (the methyltransferase core, the Rossmann-like fold) for SAM binding, the β-barrel
domain, and a dimerization domain [81]. The interface between the MTase and the β-barrel
domain provides the substrate-binding pocket for peptide substrates while the dimerization
domain is a conserved feature in the PRMTs family. The dimerization domain is required
to engage residues in SAM-binding site, generating the proper binding site for SAM [80].
PRMTs were assigned to class I (a seven-stranded β sheet flanked with helices), since they
also contain the MTase core [81].

1.5.2 Radical SAM-dependent methyltransferases
Typically, as described in section 1.5.1.1, the electron-deficient sulfonium ion of SAM
renders its carbon (the methyl group) electrophilic and nucleophilic methyl donor attacks
directly that methyl group, yielding a methylated product and SAH. Thus, methylation
reactions catalyzed by SAM-dependent methyltransferases proceed through a SN2
displacement mechanism [9]. To complement the SN2 methylation, a radical-mediated
mechanism for methylation of non-nucleophilic substrates is required and catalyzed by
radical SAM-methyltransferases [83]. These enzymes need two equivalents of SAM, one
as a methyl donor and the other as a highly oxidizing 5’-deoxyadenosyl 5’-radical (5’-dA).
The latter and homocysteine are produced from the reductive cleavage of SAM. 5’-dA
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initiates radical-based methylations (including other transformation) by abstracting a
substrate hydrogen atom (H radical) [84]. All radical SAM-dependent methyltransferases
contain at least one [4Fe-4S] cluster, typically coordinated by three cysteine residues in a
conserved CxxxCxxC motif where the [4Fe-4S] cluster acts as an electron supplier for the
reductive cleavage of SAM, generating 5’-dA [85]. After the reductive cleavage of SAM,
in E coli., the [4Fe-4S] cluster is reduced and regenerated by an electron from the
flavodoxin/flavodoxin reductase reducing system or in vitro by reducing chemicals
(dithionite or illuminated deazaflavin) [86]. Structures of SAM radical enzymes commonly
exhibit a full or partial -TIM (triose phosphate isomerase) barrel fold consisting of eight α
helices alternating with eight  strands ((βα)8-barrel), forming a barrel-like structure with
the  strands on the interior and the α helices proximal aligning on the protein surface [84].
The [4Fe-4S] cluster and the substrate-binding sites localize inside the full or partial -TIM
barrel fold [87]. Currently, based on the sequence, cofactor requirement, and reaction
mechanism of the radical SAM-methyltransferases, they can be cataloged into four classes
[83]

Class A of radical SAM-dependent methyltransferases
RlmN and Cfr from several organisms are the radical SAM-dependent methyltransferases
in class A. RlmN methylates the C2 atom of adenosine 2503 (A2503) in 23S rRNA, and
C2 of adenosine 37 which plays an important role for enhancing translational fidelity and
the nascent peptide response [89]. Cfr preferentially catalyzes methylation of C8 of the
same nucleotide A2503, conferring bacterial resistance to at least five classes of antibiotics
acting upon the peptidyl transferase center [90]. Class A have the conserved motif of three
cysteines CxxxCxxC and two additional conserved cysteines (Cys118 and Cys355 in
RlmN and Cys105 and Cys338 in Cfr), which are the distinctive characters essential for
catalysis [85]. In addition, class A enyzmes catalyze methylation at sp2-hybridized carbon
atoms. Studies of single-turnover reactions of RlmN and Cfr revealed that the reactions
proceed via a ping-pong mechanism.
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Fig. 12: Proposed mechanism of methylation of adenosine 2503 (A2503) in 23S rRNA
catalyzed by RlmN [88].
As discussed in details by Grove’s group [85,88], catalysis of enzymes on this class is
initiated by the methylation of a conserved cysteine (Cys355 in RlmN) by SAM through a
common SN2 displacement mechanism (Fig. 12). A second SAM binds at the same binding
site [91] and is then reductively cleaved to a 5’-dA radical that subsequently abstracts a
hydrogen atom of the methylthio group, yielding a protein-based methylene radical (Fig.
12). Attack of the protein radical to the C2 adenine ring (for RlmN) causes the loss of an
electron from the adenine ring to the 5’-dA and generating 5’-deoxyadenosine and the
adenine-protein adduct. The other conserved cysteine (Cys118 in RlmN) initiates reductive
cleavage of the thioether covalent adduct, resulting in the formation of a disulfide bond of
both cysteines and the release of the methylated product (Fig. 12) [83,85,88]

Class B of radical SAM-dependent methyltransferases
Currently, class B is the largest class of radical SAM-dependent methyltransferases. Unlike
class A, enzymes of class B catalyze methylation not only of sp2-hybridized carbon atoms,
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but also sp3-hybridized forms, including phosphinate phosphorous atoms. The other
distinctive character of these enzymes is the N-terminal addition of cobalamin-binding
domain (CBD). An enzyme classified in the class B of radical SAM-dependent
methyltransferases, PhpK, catalyzes the methylation of the phosphinate group of 2acetylamino-4-hydroxyphosphinylbutanoate

to

generate

2-acetylamino-4-

hydroxymethylphosphinylbutanoate, an analog of glutamate, which acts as an inhibitor of
bacterial and plant glutamine synthetases [88]. Another class B enzyme that methylates its
substrate at sp3-hybridized carbon is GenK. In Micromonspora echinospora, GenK is
expressed to respond to the methylation of C-6’ of gentamicin X2, an intermediate in the
biosynthesis of the aminoglycoside antibiotic gentamicin C1 [88,92]. Besides GenK, Fom3
methylates stereoselectively at the sp3-hybridized C2 of 2-hydroxyethylphosphonate to S2-hydroxypropylphosphonate, in the penultimate step in the biosynthesis of the antibiotic
fosfomycin [88,93]. Unlike the requirement of two conserved cysteines (i.e. Cys118 and
Cys355 in RlmN) of class A radical SAM-dependent methyltransferases, class B needs
methylcobalamin (MeCbl) for methylation catalysis. A proposed mechanism for class B
methylation proceeds initially by the reductive cleavage of SAM, yielding a 5’-dA, which
then abstracts a hydrogen atom of the substrate. This generates a substrate radical
intermediate and the byproduct, 5’-deoxyadenosine, is released. Subsequently, the former
intermediate reacts to MeCbl, transferring the methyl group from MeCbl to the
intermediate to obtain Cob(II)alamin and the product G418. The second SAM is utilized
for reductive methylation of Cob(II)alamin, regenerating MeCbl for the next turnovers by
adopting an electron supplied by the flavodoxin/flavodoxin reductase reducing system
[83,93,94].

Class C of radical SAM-dependent methyltransferases
Radical SAM-dependent methyltransferases in class C catalyze the methyl transfer of the
sp2-hybridized carbon atoms, similar to the methyl transfer catalyzed by class A. However,
class C members do not exhibit the two conserved cysteines i.e. Cys118 and Cys355 in the
class A RlmN [88]. So far, all class C radical methyltransferases catalyze the methylation
reactions involving in biosynthesis of complex secondary metabolites, presenting
antitumor and antibiotic behaviors [88]. For example, two class C members, NosN and
NocN, catalyze the methylation of C4 of 3-methyl-2-indolic acids (MIA) moiety in the
biosynthesis of nosiheptide and nocathiacin [95-97]. TpdI, TpdL, and TpdU are class C
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enzymes involved in methylation of thiazole heterocycles in the biosynthesis of GE2270
and thiomuracin [98]. Class C SAM-dependent methyltransferases have significant
sequence similarity with coproporphyrinogen III oxidase (HemN), a radical SAMdependent enzyme that converts coproporphyrinogen III to protoporpyrinohen IX, involved
in the pathway for heme biosynthesis [99]. HemN structure reveals that it contains a
similar TIM barrel radical SAM core like the other classes of radical SAM-dependent
methyltransferases, but it also possesses two additional domains at the C-terminus and the
beginning of the N-terminus (called ‘trip-wire’ domain) [100]. With these two additional
domains, the former is predicted to be possibly participating in SAM/substrate binding
[83]. The crystal structure of HemN also contains two simultaneously bound SAM
molecules, one of which is coordinated to the [4Fe-4S] cluster producing a 5’-dA radical
and the other lies immediately adjacent to the first one [99]. In comparison to HemN,
structures of class C enzymes adopt the TIM barrel fold and the unique C-terminals
domains are similar to that of HemN, the N-terminal trip-wire domain is missing. The
presence of two simultaneously SAM molecules in the structures of HemN suggests that
this

binding

arrangement

may

be

operative

in

the

radical

SAM-dependent

methyltransferases of class C. The first SAM bound to the [4Fe-4S] cluster is the precursor
to the 5’-dA radical, whereas the second SAM is the source of the methyl group [88].

Class D of radical SAM-dependent methyltransferases
A novel class of radical-SAM methyltransferases [88] comprises the bacterial class D
enzyme from Methanocaldococcus jannaschii [101]. This enzyme is responsible for
methylation at C7 and C9 of the pterin ring in the methanopterin (MPT) and its analogs
which are cofactors utilized in C1 metabolism during methanogenesis and methylotrophy
in

specialized

microorganisms

(archaea

and

bacteria).

Class

D

radical-SAM

methyltransferase features the presence of the two conserved radical-SAM motifs (two of
CxxxCxxC), instead of one motif as found in the other classes [101]. Moreover, these two
motifs possibly participate to distinctively respond to methylation at the different carbon
atoms of the pterin. Interestingly, in C7 methylation, the adopted methyl group is not
derived from methionine, indicating that enzyme activity is not stimulated by cobalamin.
In this case, the methyl donor is derived from methylenetetrahydrofolate instead. In the
proposed mechanism for the C7 methylation, the 5’-dA radical from reductive cleavage of
the first SAM abstracts an H from C7 of pterin ring of MPT, which is followed by a
26

radical addition of the substrate onto methylenetetrahydrofolate. After injection of an
electron and a proton, elimination of tetrahydrofolate results a substrate containing a C7
exocyclic methylene group. Hydride transfer from tetrahydrofolate to the exocyclic
methylene leads to in formation of the methylated product [88,101].

1.5.3 Folate-dependent methyltransferases
Folate and its derivatives and betaine, also act as methyl donors [56]. In the case of RNA
methylation, methylation reaction at the C5-position of deoxyuridine (2’-deoxyuridine-5’monophosphate; dUMP) to produce thymidylate (2’-deoxythymidine-5’-monophosphate;
dTMP) is catalyzed through the reductive methylation by thymidylate synthase (TSase, EC
2.1.1.45), which utilizes methylenetetrahydrofolate (CH2THF) as the methyl donor and a
reductant [56,102]. Besides the production of dTMP, dihydrofolate (H2folate) is also a
product of TSase reaction. H2folate is subsequently reduced to tetrahydrofolate (H4folate)
by dihydrofolate reductase. Then H4folate is regenerated to CH2THF by serine
transhydroxymethylase [56].

Fig. 13: Mechanism of thymidylate synthase
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The catalytic mechanism of TSase is shown in Fig. 13 [56]. After dUMP and CH2THF are
bound to the enzyme, the 5-membered imidazolidine ring of CH2THF is opened to form
the iminium ion at N5 position induced by protonation of N10 with an acidic residue
(Glu60). Then nucleophilic attack by a side chain of a basic residue of TSase (Cys198 in
Lactobacillus casei, [103]) at C6 of dUMP results in the C5 nucleophilic enol(ate)
formation and a covalent bond is formed between Cys198 and C6 of dUMP. The covalent
intermediate is formed by nucleophilic attack of C5 dUMP to the N iminium ion of
CH2THF in which both of them are connected via a methylene bridge (Fig. 13). The proton
of the C5 covalent intermediate is eliminated resulting in the formation of H2folate and the
exocyclic methylene intermediate which is then reduced by hydride transfer to C6 of
H2folate, producing the final product, dTMP.
The three-dimensional structure of TSase revealed that native TSase is a symmetric dimer
with the subunits binding to one dUMP and the quinazoline antifolate (CB3717) [104].
Each subunit contains a series of eight α helices and ten β strands connected with several
coiled segments. The interface between two subunits is formed by a six-stranded twisted βsheet. Each subunit has a deep active site cavity [104]. The ternary complex of TSase with
folate and 5-fluoro-2'-deoxyuridylate (FdUMP) or with the anti-folate CB3717 and dUMP
[104 -106] revealed that a covalent bond is formed between Cys198 and C6 of dUMP,
phosphate moiety ligated by a quartet arginine and Ser219, and H-bonds formed among 3hydroxyl group of 2-deoxyribose, Tyr261 and His259. In the ternary complex structure of
TSase, dUMP and the anti-folate, a water molecule closed to the pyrimidine ring interacts
to the carbonyl oxygen of Al96 and the side-chain hydroxyl of Tyr146 via H-bonding,
facilitating proton transfer to and from the pyrimidine ring [104-106]. The ring opening of
the 5-membered imidazolidine ring is activated by protonation at N10 of the ring by Glu60,
resulting in the formation of the active 5-iminium ion. The pterin ring is packed in several
nonpolar residues, including Trp82 and Trp85. There is an interaction (H-binding) through
a bridging water molecule between Asp221 and N3 of the pterin ring. The backbone
carbonyl oxygen of Ala315 forms H-bonds directly to the 2-NH2 group and through a
mediated water molecule to the 3-NH group. The terminal carboxylate interacts with Trp85
and Arg23 via H-bonding [104-106].
Some microorganisms i.e. Mycobacterium tuberculosis and Helicobacter pylori, are still
able to survive in thymidine-deprived conditions even though genes encoding the enzymes
involved in thymidylate cycle; thymidylate synthase, dihydrofolate reductase, thymidine
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kinase, are missing [107]. These organisms still have the alternative enzymes that also
catalyze tRNA methylation of dUMP and other RNAs in order to compensate the TSase
function. Flavin-dependent thymidylate synthase (ThyX) catalyzes the same reaction as
thymidylate synthase [108]. While FAD/folate-dependent RNA methyltransferases,
TrmFO [109] and RlmFO [110], catalyze reductive methylation at the C5 position of
uridine 54 and of tRNAs and C5 position of uridine 1939 in 23S rRNA, producing m 5U54
and m5U1939, respectively. There is no sequence or structural homologues of these proteins
similar to the classic TSase [108]. Unlike TSase, using CH2THF as a methylene-moiety
donor and a reductant, the flavin-dependent thymidylate synthase and FAD/folatedependent RNA methyltransferases utilize the flavin cofactor (the reduced form, FADH2)
for providing hydride transfer and CH2THF as a source of the methylene moiety [111].
For the proposed mechanism of TrmFO reaction [109], a 5-membered ring opening and
iminium ion formation at N5-position of CH2THF, activated by nucleophilic attack of
Cys53 at N10, is formed and then the N5-position iminium ion is attacked by the N5
isoalloxazine ring of reduced FAD to form a bridging methylene between the folate and the
reduced FAD. Reorientation of the flavin and folate causes elimination of dihydrofolate
and the N5-alkylated reduced flavin. The activated dUMP enolate, forming a covalent
bond to Cys266 at C6 of dUMP, is attacked and the methylene bridge is formed between
the N5-alkylated reduced flavin and C5-position of dUMP. Deprotonation at C5 of dUMP
of the covalent intermediate induces dissociation of the reduced flavin and generation of
the exocyclic methylene intermediate. Then a hydride from the reduced flavin is
transferred to the exocyclic methylene intermediate, resulting in the formation of dTMP
[109].
Recently, it was proposed that an arginine residue (Arg174, forming H-bonds with the C4
and C2 carbonyl of dUMP, ThyX from Thermotoga maritima) may act as a mediator for
methylene transfer from CH2THF to dUMP at C5-position [112]. However, the three
dimensional structure (Fig. 14) of ThyX with FAD, dUMP, and CH2THF [113] showed
that Arg174 play an important role for binding and orientation of dUMP, but does not act
as a methylene transfer mediator. His53 is a highly conserved residue of flavin-dependent
thymidylate synthase for stabilization of substrate and the folate binding. Interestingly, data
from the crystal structure of ThyX with FAD, dUMP, and CH2THF and molecular
simulation presented that methylene from the folate is transferred directly to dUMP at the
C5-position and that the protein requires the extended stacking between the pyrimidine,
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isoalloxazine, pterin, and imidazole rings of dUMP, FAD, CH2THF, and His53,
respectively (Fig. 14B), facilitating the CH2THF iminium ion in direct contact with dUMP
[113].

Fig. 14: (A) Schematic representation of the three-dimensional ThyX structure with FAD
(cyan), CH2THF (yellow), and dUMP (magenta) (pdb: 4GT9), including the emphasized
His53 residue in green sphere. Pale yellow spheres represent four other CH2THF, located
apart from the active site. (B) A ThyX model at the active site showing the extended
stacking of His53 (green), FAD (cyan), the iminium CH2THF intermediate (yellow), and
dUMP (magenta) [113].

1.6 Histamine and Histamine N-methyltransferase (HNMT)
1.6.1 Introduction to histamine
Histamine, [2-(1H-imidazol-4-yl)ethanamine], is a biogenic amine that plays important
roles in several physiological and pathological processes including the regulation of
inflammatory and immune responses, gastric acid secretion and bronchial asthma [114117]. Histamine also functions as a neurotransmitter in the central nervous system (CNS)
where it contributes to the regulation of many processes such as the sleep/wake cycle, the
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circadian rhythm, thermoregulation, stress and fluid homeostasis [118-120]. Histamine was
isolated initially from a variety of fresh tissues, thus implying that histamine is a common
constituent of the body [121]. Hence, the name is derived from ‘histos’ the Greek word for
‘tissue’, indicating an amine occurring in several tissues [118]. Histamine is synthesized in
mast cells, basophils, platelets, histaminergic neurons, and enterochromaffine cells by
decarboxylation of histidine catalyzed by PLP-dependent histidine decarboxylase (HDC)
[122]. It is also produced by actions of microorganisms in the course of food processing
and spoilage. Thus, several fermented foods and beverages may contain substantial
amounts of histamine [123]. Consumption of histamine-rich food i.e. matured cheese,
pickled and canned food, sausages, and alcohol, may provoke diarrhea, headache,
congestion of the nose, asthma, hypotension, arrhythmia, urticarial, pruritus, flushing and
other conditions in patients with histamine intolerance [122]. Thus, histamine levels need
to be balanced i.e. the synthesis, release, and elimination of histamine, to avoid undesirable
conditions which may cause pathological effects.
In the mammalian central nervous system, besides dopamine, norepinephrine, epinephrine,
and serotonin, histamine is a biogenic-amine neurotransmitter. Generally, the biogenic
amines in the CNS are synthesized in a relatively small number of neurons, but these
neurons can send long projections to the whole brain and spinal cord to modulate neuronal
functions [124]. Histamine is produced in the brain by mast cells and neurons catalyzed by
HDC. The tuberomammillary nucleus (TMN) located in the hypothalamus is the only site
of synthesis of neuronal histamine in the adult mammalian brain [125,126]. About 64,000
histaminergic neurons are present in the human brain in and around the TMN area between
the supraoptic nucleus and ventral tegmentum [125,127]. During mammalian fetal
development, histamine production and storage are different from those processed in the
adult brain. In rat embryonic development, histamine is present at maximal level between
days E14-16, which then reduces steadily until birth (Fig. 15) [128,129]. The concentration
of histamine detected at E20 is similar to the levels in the adult organism. The peak level of
histamine coincides with the period in which neuronal differentiation takes place in brain
regions. Moreover, expression of HDC is initiated at E14 and E15 in neurons located in the
choroid plexus and mesencephalon, respectively [130]. Thus, during brain development
histamine is a neurogenic and an important neuromodulator [129,131].
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Fig. 15: Histamine levels during neural differentiation. Neurogenesis (pink) reaches the
maximum at E14 during the fetal brain development, concomitant with the peak level of
histamine (blue) in which gliogenesis (green) is initiated [128,129,131].
Release of histamine from cells is triggered by cross-linking surface-bound
immunoglobulin E (IgE) to allergens [132]. The actions of released histamine are mediated
through the four histamine receptors (H1R-H4R), which belong to the rhodopsin-like
family of G protein-coupled receptors [133]. H1R, H2R and H3R are expressed in
abundance in the brain whereas H4R is expressed mainly in peripheral tissues (e. g. the gut
and connective tissue) [125,134]. H1R in human contains 487 amino acids encoded by the
gene on chromosome 3p25. H1R is not restricted to the brain but it is found throughout the
body. The second histamine receptor, H2R, contains 359 amino acids (40 kDa). The human
gene encoding H2R is located on chromosome 5q35.5. In the rodent brain distribution of
H2R is widespread and in some area colocalization with H1R [129]. H2R couples to Gsα to
activate adenylyl cyclase, resulting in the increase of cAMP, which stimulates protein
kinase A and the transcription factor cAMP-response element-binding protein (CREB)
[125]. Both of them (protein kinase A and CREB are key modulators of neuronal
physiology and plasticity [135]. The gene (hrh3) encoding human H3R (the third histamine
receptor) containing 445 amino acids with 70 kDa is located on chromosome 20q13.333.
This gene comprises two or three introns, thus yielding several splice-derived receptor
isoforms with different distribution and pharmacology [136]. Distribution of H3R is
heterogeneous in brain areas. High density is found in anterior parts of the cerebral cortex,
hippocampus, amygdala, nucleus accumbens, striatum, olfactory tubercles, cerebellum,
substantia nigra, and brainstem [137]. The forth histamine receptor, H4R, plays a role
responsible for inflammation and allergy. It is expressed mainly in peripheral tissues, and
also in hematopoietic cells [125,138,139].
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1.6.2 Histamine storage and release
In aqueous solution, histamine is soluble, as it is mainly protonated to a single charge
cation under physiological pH conditions [140]. Histamine contains two basic centers,
which are the aliphatic amino group and one of the two nitrogens of the imidazole
[140,141]. Because of the positive charge of histamine, permeability through membranes
is limited by diffusion. Thus, histamine carriers are required to transport histamine between
cells. To date, there are three different carrier proteins, classified by their properties and
transport mechanism [140]: the organic cation transporter (OCT), the plasma membrane
monoamine transporter (PMAT) and the vesicular monoamine transporter (VMAT).
Moreover, histamine transport is achieved by endo/exocytosis of histamine-containing
cellular vesicles or granules. The distribution of these transporters depends on the tissue
and organ.
Histamine is synthesized by decarboxylation of L-histidine catalyzed by L-histidine
decarboxylase [140]. It is normally present in mast cells, basophils, enterochromaffin-like
cells in gastric mucosa, and histaminergic neurons (TMN) in which histamine is stored in
secretory granules [118]. Upon appropriate stimulation, cells rapidly release large amounts
of histamine leading to simultaneous fusion of several storage granules with the cell
surface [142]. Degranulation of histamine storage granules is stimulated by the activation
of phospholipase C and protein kinase C mediated by increased mobilization of Ca2+ [143].
In the process of exocytotic histamine release, SNARE proteins assist to break up
membranes of storage granules and plasma membranes and fuse both membranes together
[144]. Amounts of histamine released from storage granules depend on stimuli and is
proportional to the number of storage granules and histamine density in the granules [145].

1.6.3 Metabolism of histamine
1.6.3.1 Histamine synthesis
Histidine decarboxylase (HDC) has pyridoxal 5’-phosphate (PLP), a vitamin B6 derivative,
as a cofactor. Typically, the cofactor PLP acts as a universal ligand to react at the α-NH2
group of α-amino acids in several reactions catalyzed by racemases, amino transferases, αand β-decarboxylases [147]. A single gene encoding HDC is located on chromosome
15q21-22. The encoding region comprises twelve exons [148]. However, a nonsense
mutation of W317X, causing a flexible loop region close to the active site of human HDC
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is associated with Tourette syndrome (a neuropsychiatric disorder involving in repetitive
movements or uncontrollable vocalization in the patients) [149]. Expression of HDC is
upregulated by gastrin [150]. Conversely, HDC expression is repressed by Kruppel-like
factor 4 by interfering with the downstream gastrin responsive elements [151].

Fig. 16: Schematic representation of histamine metabolism [140]

HDC is synthesized as a 74 kDa precursor, containing 656 and 622 amino acid residues in
the rat and human HDC, respectively. HDC requires to be processed by proteolytic
removal of the carboxy-terminal fragment comprising 150 amino acids generating a fully
active enzyme that forms a homodimer with approximate molecular mass of 110 kDa.
Since the enzyme is not stable with a half-life of only a few hours in vivo [152], it is
synthesized only when cells need to produce histamine. HDC is then degraded immediately
when sufficient histamine has been generated.
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Fig. 17: The three-dimensional structure of human HDC (pdb: 4E1O). (A) Cartoon
representation of the human HDC dimer with one protomer shown in cyan and the other in
limegreen. PLP and histidine are shown in yellow and magenta sticks, respectively. (B)
Interactions of the external Schiff base between PLP and histamine with surrounding
residues in the active site. The PLP-histidine adduct is represented in yellow for PLP and
cyan for histidine. The surrounding residues are represented in green [153].

The three dimensional structure of human HDC revealed that each subunit contains three
domains, an N-terminal domain (residues 2-71), a large domain (residues 71-371), and a
small domain (residues 372-477) (Fig. 17) [153]. The N- terminal and large domains
participate in the dimer interface, producing a stable dimeric structure. The N-terminal
domain engages in hydrophobic interactions with the other subunit, while the large domain
forms principally water-mediated electrostatic interactions with the other subunit [153]. In
addition, the N-terminal domain contains a PEST sequence, which is a degradation
promoter motif of Pro, Glu, Ser, and Thr amino acids, resulting in the protein degradation
by proteolytic systems [154]. A flexible loop between residues 330-340, including a short
310-helix is located proximal to the active site and plays an important role in PLP binding
and the formation of the active site entrance. Moreover, this loop is involved in the external
aldimine intermediate stabilization and protection of the protein from proteolytic cleavage
[155]. In the human HDC active site, Ser354 plays a key role for substrate specificity. The
single amino acid exchange at this position from Ser to Gly enlarges the substrate-binding
pocket and leads to lower affinity for histidine [153].
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Fig. 18: The reaction mechanism of HDC (human HDC) [140,156].
The reaction mechanism of HDC involves Schiff base formation with the -amino group of
a specific lysine (Lys308 in rat HDC and Lys305 in human HDC) in the active site (Fig. 17
and 18) [140,156]. In the free form of human HDC, the carbonyl group of PLP forms an
internal Schiff base with the -amino group of Lys305. When L-histidine binds to the
active site, it acts as a nucleophile that attacks the Schiff base resulting in the displacement
of Lys305 to form the external Schiff base [140]. Deprotonation at Cα of the intermediate
results in the formation of a carbanionic intermediate, which is stabilized by the extended π
system of the PLP pyridine ring [147]. Then, this Cα of the carbanionic intermediate is
broken by the attack of Lys305, resulting in the release of histamine and retransaldimination between Lys305 and PLP.

1.6.3.2 Histamine inactivation
In mammals, the action of histamine is terminated by either one of two mechanisms that
involve the methylation of the imidazole ring or the oxidative deamination of the primary
amino group. The former reaction is catalyzed by histamine N-methyltransferase (HNMT)
and the latter reaction by diamine oxidase (DAO) [157]. Products generated from these two
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enzymatic reactions are virtually inactive at histamine receptors and are further converted
for transport and secretion

Diamine oxidase (DAO)
Diamine oxidase (DAO) (EC 1.4.3.22), an enzyme of the class of copper-containing amine
oxidases, is the main histamine-degrading enzyme in peripheral tissue including
termination of exogenous histamine from ingestion (food and alcohol) [125]. Molecular
oxygen (O2) is utilized by DAO to oxidatively deaminate histamine, yielding imidazole
acetaldehyde, ammonia, and hydrogen peroxide (Fig. 16) [158]. DAO is encoded by a
single gene, ABP1 or AOC1, which contains five exons and is located on chromosome
7q36.1 [159]. Expression of DAO is restricted to specific tissues and cells. DAO is
detectable at high levels in intestine, placenta, small bowel, colon ascendens, kidney, and
body fluids (lymph pregnancy plasma, seminal plasma) [157,160,161]. The highest level of
histamine is present in intestine. It may imply that the most important function of DAO is
to prevent resorption of histamine and other diamines from ingestion [140]. A decreased
DAO activity and an increased histamine level in the intestinal mucosa (localized in the
cytoplasm of the mature enterocytes of the small and large bowel) reflect that DAO is an
important factor involved in inflammatory bowel diseases [162]. DAO is produced and
stored in vesicle structures associated with the basolateral plasma membrane in proximal
tubular epithelial cells, where it is secreted by specific signal stimulation. One example of
the stimulation is secretion of heparin which is released together with histamine by
activated mast cells [140]. In all DAO proteins from different species, amino acid residues
playing important catalytic and structural functions are conserved. Proteolytic cleavage of
a 19 amino acid N-terminal signal peptide from a 751 amino acid DAO precursor, protein
dimerization, and attachment of asparagine-linked oligosaccharide chains are required to
generate a mature human DAO [163]. Human DAO is a homodimer, consisting of two 85
kDa subunit (Fig. 19). Moreover, its structure was found to be similar to that of previously
described copper-containing amine oxidase (AOC) that has in the active site a Cu2+ ion
bound by three conserved histidine residues (His510, His512, His675) and the cofactor
2,4,5-trihydroxyphenylalanine quinone (TPQ), generated post-translationally from a
conserved tyrosine residue [158,163]. Cys736 of both subunits form an intermolecular
disulfide to link and stabilize the dimeric protein. Typically, DAO can catalyze the
oxidative deamination of several diamine substrates with primary amino groups i.e.
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aliphatic amines (1,4-diaminobutane (putrescine), 1,5-diaminopentane (cadaverine)) and
polyamines (agmatine), but not monoamines [158]. The conserved Asp373 residue is the
catalytic base, which interacts with the two amino groups of substrates and is responsible
for substrate specificity [163].

Fig. 19: Schematic representation of homodimeric human DAO (pdb: 3HI7) consisting of
2Cu2+ ions, 4Ca2+ ions, and 12 molecules of N-acetyl-D-glucosamine (yellow sticks) [163].
After the oxidative deamination of histamine catalyzed by DAO, the product imidazole
acetaldehyde is subsequently oxidized to imidazole acetic acid by aldehyde dehydrogenase
(EC 1.2.1.3). Conjugation of imidazole acetic acid with phosphoribosyl pyrophosphate to
form

imidazole

acetic

acid

ribotide

is

catalyzed

by

imidazole

acetic

acid

phosphoribosyltransferase (EC 6.3.4.8). The product phosphoribosyl imidazole acetic acid
is then eliminated by the kidney [140].

Histamine N-methyltransferase (HNMT)
HNMT (EC 2.1.1.8) inactivates histamine by transferring a methyl group from Sadenosylmethionine (SAM), to the Nε2 atom of the imidazole ring, generating Nmethylhistamine and S-adenosylhomocysteine (SAH) [164,165]. HNMT is the primary
metabolizing enzyme for released histamine in bronchial epithelial cells, endothelial cells
of human airways and the human stomach [166,167]. In addition, HNMT is also the only
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enzyme responsible for the termination of histamine action in the mammalian brain, since
the other histamine-metabolizing enzyme, DAO, is not expressed in the CNS [118,168].
Enzyme activity and mRNA expression were found in most human tissues with high
expression levels in kidney and liver, with substantial expression in spleen, prostate, ovary,
intestine and the spinal cord, along with lower-level expression in heart, brain, placenta,
lung, stomach and the thyroid gland [140,169]. The hnmt gene is approximately 34 kb in
length, located on chromosome 2q22.1, and consists of 6 exons [170-172]. Expression and
characterization of human HNMT showed that cytoplasmic HNMT has 292 amino acid
residues with a total molecular mass of 33 kDa [140]. Several three-dimensional structures
of HNMT with bound SAH and histamine as well as various HNMT inhibitors revealed
that HNMT is a monomeric protein and consists of two domains (Fig. 20) [173,174]. The
large domain adopts a canonical methyltransferase (MTase) fold with a SAM binding
pocket which contains a seven-stranded  sheet (6 7 5 4 1 2 3) flanked on each
side by three helices (αZ, αA, αB and αC, αD, αE). Whereas the small domain contains
three short  strands (8 7’ 6’), two α helices and two single-turn 310 helices,
contributing part of the histamine binding pocket and may be involved in protein-protein
interactions (Fig. 20) [173]. The bound histamine is buried in a hydrophobic pocket
(surrounded by 14 aromatic amino acid residues) at the interface of the two domains. In the
SAM-binding pocket, the ribose hydroxyl groups interact with the carboxylic atom of
Glu89 and the side-chain Nε2 atom of Gln94. The former interaction is the most highly
conserved SAM interaction among SAM-dependent methyltransferases [9]. The terminal
carboxyl oxygen atom forms hydrogen bonds to His29 and water-mediated hydrogen
bonds to Glu28 and Glu65. The backbone oxygen atom of Gly60 and Ile 142 interact with
the amino group through H-bonding. In addition, the amino group forms two watermediated interactions to the side-chain Asp67 and His140 [173]. Therefore, in vertebrates,
amino acid residues that interact with SAH and histamine are highly conserved [173,174].
Methylation of histamine is catalyzed via nucleophilic attack from the Nε2 atom of
histamine to the methyl group adjacent to SAM sulfonium ion (SN2 reaction mechanism)
of SAM. The H-bond network between Gln143, a water molecule, and Glu28 assists
proton abstraction at Nε2 to subsequently enable attack at the methyl group of SAM,
yielding N-methylhistamine and SAH (Fig. 20) [173]. Kinetic studies of human HNMT
revealed that the methylation reaction is processed via the ordered sequential bi-bi reaction
mechanism with SAM being the first substrate to bind to HNMT and N-methylhistamine
being the first product to dissociate [173,175]. The product N-methylhistamine is
39

oxidatively deaminated by monoamine oxidases (MAO, EC 1.4.3.4) similar to other
biogenic amines. In the case of N-methylhistamine, MAO catalyzes oxidative deamination
to form N-methylimidazole acetaldehyde, which then is oxidized by aldehyde
dehydrogenase, yielding N-methylimidazoleacetic acid. The product from the reaction of
aldehyde dehydrogenase is then eliminated by secretion [176].

Fig. 20: Schematic representation of monomeric human HNMT (pdb: 1JQD) in the
presence of SAH and histamine (the purple sticks) (Adopted from Fig. 2a and 3c of [173]).

Since disturbances of histamine metabolism have been related to several diseases, i.e.
asthma, bronchial hyper-responsiveness (BHR), neurological disorders, the lack of
expression or decrease in HNMT activity have been proposed as a causative factor for
these diseases. A common single nucleotide polymorphism (SNP), C314T transition
(prevalence 0.1), resulting in the replacement of Thr105 by isoleucine was associated with
decreased enzyme activity, immunoreactive protein, and thermal stability [169]. Steadystate kinetics revealed that the apparent Michaelis constants (KM) increased 1.8 and 1.3
fold for SAM and histamine, respectively, and showed a reduction of the specific activity
of about 16% [173]. Moreover, from multiple molecular dynamic (MD) simulations,
isoleucine 105 apparently more strongly interacts with neighboring residues leading to a
disordering of several key residues responsible for SAM binding and lower hydrophobicity
of the substrate-binding site [177]. Thus, the polymorphic T105I variant has been proposed
to associate with several diseases including asthma, allergic rhinitis, essential tremor and
Parkinson’s disease [178-181].
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Intellectual disability (ID) is a common neurodevelopmental disorder characterized by an
intelligence quotient of 70 or below with deficits in adaptive, daily living skills and
intellectual functioning manifesting before the age of 18 [182]. With a prevalence of about
1% of children worldwide ID is one of the major socioeconomic problems [183]. Recently,
two other homozygous missense mutations in the hnmt gene were identified in patients
affected with nonsyndromic autosomal recessive intellectual disability (ND-ARID) from
two unrelated consanguineous families of Turkish and Kurdish ancestry [184]. The first
mutation (hnmt c.179G>A) from the Turkish family resulting in a change of Gly60 to
aspartate (G60D) occurs in the conserved MTase region I, which is part of the SAMbinding pocket (the conserved G-loop) (Fig. 21). This amino acid exchange completely
disrupts binding of SAM and as a consequence compromises catalytic activity, resulting in
reduced histamine inactivation. The other mutation (hnmt c.632T>C) found in the Kurdish
family results in the replacement of Leu208 with proline (L208P). This invariant residue is
located in helix E of the MTase domain and forms several hydrophobic interactions with
neighboring residues (Fig. 21). Interestingly, L208 is located in a considerable distance
from the active site (ca. 18 Å from the substrate binding pocket) (Fig. 21) suggesting that
the adverse effect of the amino acid replacement is caused by perturbations of the protein
structure leading to compromised enzyme function. Moreover, a substantial loss of
enzymatic activity and binding affinity for histamine from the variations of the L208
position, i.e. the L208R, and L208K, revealed that this position is extremely sensitive to
amino acid replacements resulting in a deterioration of stability and enzyme function
(Unpublished data, see Chapter 2.2) [185]. Molecular dynamics simulations showed that
amino acid replacements in position 208 perturb the helical character and disrupt
interactions with the adjacent β-strand, which is involved in the binding and correct
positioning of histamine.
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Fig. 21: Three-dimensional HNMT structure (pdb: 1JQD) and ClustalW2 analysis:
Structures of HNMT at the catalytic domain for Gly60 (in pink) (A), Gly60Asp (in pink)
(B) with histamine (yellow) and SAH (magenta). Structures at the hydrophobic pocket
around residue 208 were presented: Leu208 (in pink) (D) and Leu208Pro (in pink). (E) Leu
155, Leu204, Leu211, and Leu213 were labeled in grey. Ile288 and Ile290 were labeled in
yellow. Tyr215 and Gly212 were labeled blue. (C) and (F) are the amino acid sequence
alignments around the residues Gly60 and Leu208, respectively, using ClustalW2 [184].

1.7 A putative SAM-dependent methyltransferase (METTL23)
METTL23 (methyltransferase-like 23) gene is an important gene involved in human
cognition [186,187]. The gene located in chromosome 17q25.1 encodes two METL23
isoforms, consisting of 190 (isoform 1) and 123 (isoform 2) amino acids [186,187]. The
former isoform is mainly localized in the endoplasmic reticulum membrane, whereas the
latter isoform is localized in comparable concentrations in nucleus and in cytoplasm. The
protein localization of METLL23 implies that the isoform 1 has a transmembrane domain
[187]. Moreover, expression of transfected METLL23 in HEK239T, HeLa, and N2A cells
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occured in both the cytoplasm and nucleus, highly present in the nucleus [186]. In the
developing human brain, METTL23 is expressed at low-to-moderate level [186]. Based on
METTL23 amino acid sequence, it is predicted to be a putative methyltransferase (Fig.
22a) [187]. The recombinant METTL23 was expressed in E. coli. and yielded high
amounts of cytoplasmic inclusion bodies. Interestingly, METTL23 was tightly bound to
chaperones e.g. GroEL, resulting in the soluble METTL23:GroEL complex. These findings
are consistent with the presence of transmembrane domain of METTL23 isoform 1.
Moreover, chaperones may act as a putative substrate for methylation by METTL23 [187].
Based on sequence similarity, the other METTL family members i.e. METLL22,
METTL21A-D were strongly associated with chaperones. They catalyze trimethylation of
lysine residues of chaperones (KIN/Kin17, HSPA8/Hsc70, Hsp70, and VCP/p97) [188],
consistent with the tight-binding of METTL23:GroEL found in Bernkopf and coworkers’
results [187].
Nonsense mutation and 4- or 5- bp frameshifting deletion lead to truncation of the putative
METTL23. Moreover, these truncating mutations are also associated to autosomal
recessive intellectual disability (ARID) [186,187]. Reiff and colleagues revealed that
METLL23 acts as a transcription regulator and physically interacts with the transcriptional
factor GABPA (GA-binding protein transcription factor, α-unit), which functionally affects
the expression of GABP target genes, THPO (thrombopoietin) and ATP5B (ATP synthase,
H+ transporting, mitochondria F1 complex, β-polypeptide) [189,190]. Both genes are
involved in several processes in brain i.e. neuroprotection, apoptosis, development, and
neural cell differentiation [191,192]. In ARID patients, disruption of METTL23 gene
caused from the 4-bp frameshift deletion has functional effects on the transcriptional factor
GABPA. Consequently, there is alteration of expression of the GABPA target genes,
THPO and ATP5B, which affects on several processes in brain [186]. In addition, the
nonsense mutation and 5- bp frameshifting deletion of METTL23 was found in members
with autosomal recessive intellectual disability of consanguineous Pakistani and Austrian
families. These mutations result two isoforms of the truncating METTL23 (Gln133* and
Gln94Hisfs*) (Fig. 22b) [187]. These two variants disrupt the predicted catalytic domain
and alter the cellular localization. Overexpression of the two variants resulted in the
formation of protein aggregates of isoforms 1 and 2 in the cytoplasm [187]. Therefore,
expression of aggregate METTL23 variants leads to the loss of protein function, resulting
autosomal recessive intellectual disability [187].
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Fig. 22: The modelled three-dimensional structures of METTL23: (A) wild-type
METTL23 (isoform 1, 190 amino acids), (B) two truncating METTL23 variants (left;
residue 1-132 Gln133* and right; residue 1-98 Gln94Hisfs*) [187].

1.8 Roseoflavin and N,N-8-amino-8-demethyl-D-riboflavin
dimethyltransferase (RosA)
1.8.1 Introduction to roseoflavin (RoF)
Riboflavin, vitamin B2, is the precursor of flavin adenine dinucleotide (FAD) and flavin
mononucleotide (FMN, riboflavin-5′-monophosphate) in many catalytic reactions.
Riboflavin is converted to FAD and FMN by flavokinases (EC 2.7.1.26) and FAD
synthetases (EC 2.7.7.2), respectively [193]. Flavoproteins are able to catalyze a wide
variety of different biochemical processes [194]. To date, some flavin analogs have the
potential to serve as basic structures for the development of novel antimicrobials
[195,196]. Currently, the natural vitamin analogs: bacimethrin (a vitamin B1 analog) [197],
ginkgotoxin (a vitamin B6 analog) [198], and roseoflavin (a vitamin B2 analog) [199] are
examples of antimicrobials [200]. Since about 0.1-3.5% of predicted proteins in organisms
are flavin-dependent proteins [201], these proteins are considered to be cellular targets of
the antimicrobial flavin analogs [195]. Biosynthesis of antimicrobial flavin analogs in
microorganisms is a versatile process that can be utilized for many advantages. First of all,
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the strategy for the biosynthesis of an antimicrobial, converting vitamins (e.g. vitamin B1,
B2 and B6) to antibiotic vitamin analogs, seems to be very economical because the
precursors for antibiotic synthesis are readily available in the cytoplasm of a producer cell.
Furthermore, several microorganisms contain efficient vitamin transporters (i.e. flavin
transporter; Rib protein), which process the vitamin uptake, but also vitamin analogs.
Consequently, delivery of the antibiotic vitamin analogs to cellular targets is ensured.
Moreover, the antimicrobial vitamin analogs have multiple cellular targets, because several
vitamins (precursors of enzyme cofactors) are active at more than one site in cells [202].
8-dimethylamino-8-demethyl-D-riboflavin, roseoflavin or RoF, is the only known natural
riboflavin analog with antimicrobial activity [199]. RoF is synthesized in only two Grampositive bacteria, Streptomyces davawensis and Streptomyces cinnabarinus [199,203,204].
Similar to riboflavin, roseoflavin (RoF) is converted to roseoflavin 5’-monophosphate
(RoFMN) and roseoflavin adenine dinucleotide (RoFAD) by flavokinases and FAD
synthetases [205]. The isoalloxazine ring of RoF loses its oxidizing ability because of an
intramolecular charge transfer from the 8-dimethylamino group to the pteridine moiety
[206]. Although the molecular mechanism of action of RoF and the resistance mechanism
of the RoF-producing strains are not clear yet, FAD/FMN-dependent proteins were found
to be less active or completely inactive upon the replacement of the native flavin cofactor
with RoFMN or RoFAD [205,207]. FMN-dependent azobenzol reductase (AzoR, EC
1.7.1.6) from E. coli was less active when its apo-form was reconstituted with RoFMN
[208]. Interestingly, RoFMN bound to AzoR with higher affinity than the native FMN and
redox potential of AzoR:RoFMN was reduced (-145 mV for AzoR:FMN vs -223 mV for
AzoR:RoFMN) [208]. The difference in the redox potential was also observed in the less
active FMN/RoFMN reconstituted L-lactate oxidase from Aerococcus viridans [209]. It
should be noted that alteration of reactivity of the flavoproteins which bind to flavin
analogs, including RoF, RoFAD, or RoFMN is related to the different physicochemical
properties of the unnatural ligands [202]. Furthermore, FMN riboswitches, genetic
elements that regulate riboflavin biosynthesis and transport, have been reported to be
turned off in the presence of RoFMN, thereby causing riboflavin deficiency presenting
additional targets for RoF [200].
The biosynthesis of RoF was postulated to begin from riboflavin via 8-amino- (AF) and 8methylamino-8-demethyl-D-riboflavin

(MAF)

[210,211].

The

occurrence

of

the

intermediates AF and MAF was confirmed by the discovery of the first enzyme, SAM45

dependent

dimethyltransferase

RosA

(N,N-8-amino-8-demethyl-D-riboflavin

dimethyltransferase) [212]. This enzyme synthesizes RoF from AF via MAF in two
consecutive methylation reactions [212]. The rosA gene encoding RosA is localized on a
cluster consisting of nine genes (on gene cluster 7). Heterologous expression of this gene
cluster 7 was performed in S. albus and S. lividans. However, both strains could not
produce RoF. Thus, the remaining genes on this gene cluster 7 are not involved in RoF
biosynthesis [212]. Detection of [uniformly-15N] labeled RoF (all four N atoms labeled)
from the culture supernatant of S. davawensis after supplementation of [uniformly-15N]
labeled riboflavin confirmed that riboflavin is a starting-point precursor and is utilized
directly to produce RoF [210]. At that time, the pathway from riboflavin to AF and the
corresponding enzymes was unknown.

Fig. 23: Roseoflavin biosynthesis pathway in Streptomyces davawensis. The pathway is
initiated by flavokinase (RibC), resulting in the formation of FMN (or RP). RosB, the
second discovered enzyme of RoF biosynthesis, catalyzes three consecutive reactions as
the following steps of oxidation, decarboxylation and amino transfer to yield 8-demethyl8-amino-riboflavin-5’-phosphate (AFP). Removal of the AFP phosphate group is catalyzed
by a phosphatase to produce AF The last step is the utilization of AF as the substrate of
RosA, which catalyzes two consecutive methylation reactions, generating the antibiotic
RoF [200].
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Recently, Schwarz and coworkers discovered the second key enzyme in RoF biosynthesis
from S. davawensis and S. cinnabarunus, termed RosB [200]. Moreover, they also showed
that four enzymes are required to synthesize RoF as shown in Fig. 23. Starting with
riboflavin as the first substrate of RoF biosynthesis, it is converted to FMN, by the
flavokinase, RibC [213]. Then, RosB, which is the second enzyme of RoF synthesis,
converts FMN to 8-demethyl-8-amino-riboflavin-5’-phosphate (AFP) via 8-demethyl-8formyl-riboflavin-5’-phosphate (OHC-RP or CP1) and 8-demethyl-8-carboxy-riboflavin5’-phosphate (HO2C-RP) [200]. The full name of RosB is 8-demethyl-8-aminoriboflavin5’-phosphate synthase. The gene BN159_7989 encoding RosB is located in the gene cluster
2 of S. davawensis. Based on the amino acid sequence and compared to the other proteins,
RosB exhibits a putative FMN binding site. It is suggested that FMN (not riboflavin) is the
starting substrate for RoF synthesis [200]. To convert FMN to AFP by RosB (Fig. 23 the
methyl group at C8 of isoalloxazine ring of FMN is oxidized to form OHC-RP (CP1).
Addition of thiamine could drive the oxidation of OHC-RP to HO2C-RP. The role of
thiamine is still unclear in the oxidation step of OHC-RP to HO2C-RP [200]. Synthesis of
the final product of RosB, AFP, needs transfer of an amino group from a donor to HO2CRP. In this case, glutamate acts as a putative amino donor to transfer an amino group to
HO2C-RP with elimination of CO2 to form the final product AFP. The third enzyme, an
unknown phosphatase hydrolyses AFP to AF which subsequently is dimethylated by RosA
to form the antibiotic RoF [200].

1.8.2 N,N-8-amino-8-demethyl-D-riboflavin dimethyltransferase (RosA):

structure and reaction kinetics
N,N-8-demethyl-8-amino-D-riboflavin dimethyltransferase (RosA) catalyzes the final
dimethylation of 8-demethyl-8-amino-D-riboflavin (AF) to the antibiotic roseoflavin (RoF)
in S. davawensis and S. cinnabarinus [199,204]. RosA is the first enzyme discoverd and
involved in RoF biosynthesis [212]. RosA consists of 347 amino acid residues with a
subunit mass of 38 kDa [212]. Although RosA catalyzes a N,N-dimethylation (two
consecutive methylations), its primary structure is similar to several SAM-dependent Nmethyl, and O-methyltransferases. RosA shares low similarities to several characterized
N,N-dimethyltransferase e.g. ErmSF, TylM1 and DesVI [212,214,215].
The three dimensional structure of RosA exhibits that the RosA protomer comprises two
domains, a mainly -helical “orthogonal bundle domain” and a Rossmann-like domain
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(α/β twisted open-sheet) (Fig. 24). The orthogonal bundle has five α -helices and one
antiparallel β-sheet (residues 1-98). An interdomain part contains five helices (residues 99178), that connect the Rossmann motif with the orthogonal bundle. The Rossmann motif
(residues 179 to 353) comprises a seven-stranded β-sheet core consisting of five parallel
and two antiparallel β-strands, which are connected by two pairs of α-helices [216]. The
latter is similar to MTase fold of SAM-dependent methyltransferases, which is the domain
providing the SAM binding pocket and catalytic sites [9,66]. RosA is homodimeric protein.
Dimerization of the protein is processed via a head-to-head arrangement (Figure 1B Fig.
24). Attempts to obtain structural information for complexes with AF, SAM, and SAH
were unsuccessful. Therefore, using structural bioinformatics methods to locate putative
binding sites for substrates revealed that AF was located at the interface between the
Rossmann domain and the N-terminal domain, whereas SAM was located in the Cterminal Rossmann domain (Fig. 24).

Fig. 24: Structure of RosA (A) Schematic representation of dimeric RosA structure (B)
Schematic representation of RosA protomer with the predicted substrate (SAM in orange
and AF in yellow) binding sites. (C) Close-up view of substrate binding sites of RosA
[216].

Studies to investigate the binding properties of the substrates (SAM, AF) and the products
(SAH and RoF) to RosA exhibited that both products bind more tightly to RosA (about 20
times) than SAM and AF do. Furthermore, RosA tends to form the ternary complex
RosA:RoF:SAH in the presence of RoF and SAH. This ternary complex leads to drastic
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spectral changes that are indicative of a hydrophobic environment. In addition, the tight
binding of products is reflected by inhibition of the reaction since both RoF and SAH act
as competitive inhibitors for AF and SAM, respectively. Thus, it is plausible that the tight
binding of RoF (and SAH) to RosA constitutes a mechanism to confer resistance toward
RoF of RoF-producing strains [216]. Predicting the potential SAM and AF binding sites in
RosA suggested that both substrates, AF and SAM, can bind independently to their
respective binding pockets. This finding was confirmed by kinetic studies that
demonstrated a random-order bi-bi reaction mechanism [216]. However, RosA is a
dimethylase performing two consecutive methylation reactions in the same active site.
Consequently, after the first methylation, SAH needs to dissociate from the active site to
provide room for another SAM. But, as mentioned above, SAH binds tightly to RosA and
its affinity is even enhanced in the presence of RoF. It can be assumed that the binding
affinity of SAH in the presence of MAF is in the same range between that of SAH in the
presence/absence of RoF. Thus, the second methylation reaction will depend on the rate of
dissociation of SAH, the limiting step for the conversion of MAF to RoF (Scheme 3 in
Chapter 4) [216].
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CHAPTER 2
2. Biochemical characterization and kinetic
studies on histamine N-methyltransferase

2.1 Mutations in the histamine N-methyltransferase gene,
HNMT, are associated with nonsyndromic autosomal recessive
intellectual disability
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Supplemental information
Suppl Fig. S1: Point mutations and copy number variants (CNV) at the HNMT locus:
Here we indicate in an ideogrammatic representation of the HNMT locus (from the UCSC
Genome Browser, hg19) the two homozygous missense mutations segregating with NSARID identified in this study (blue arrows), as well as heterozygous canonical splice
acceptor mutations in two Canadian individuals diagnosed with ASD and ID and a
Swedish schizophrenia individual with a heterozygous canonical splice donor mutation
(Schizophrenia
Exome
Sequencing
Genebook:
//atgu.mgh.harvard.edu/~spurcell/genebook/genebook.cgi) (red arrows). This data was
retrieved by searching the DECIPHER and ISCA databases, and data from published CNV
studies for neuropsychiatric and development disorders 45-47. Control comparison CNV data
was
checked
through
the
Database
for
Genomic
Variants
(http://dgv.tcag.ca/dgv/app/home), however only a single CNV was identified within a
control cohort, that span exons and potentially disrupts HNMT. SNV controls can be
accessed through the ExAC site (http://exac.broadinstitute.org).
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Abstract
The degradation of histamine catalyzed by the SAM-dependent histamine Nmethyltransferase (HNMT) is critically important for the maintenance of neurological
processes. Recently, two mutations in the encoding human gene were reported to give rise
to dysfunctional protein variants (G60D and L208P) leading to intellectual disability. In
the present study, we have expressed eight L208 variants with either apolar (L208F and
L208V), polar (L208N and L208T) or charged (L208D, L208H, L208K and L208R) amino
acids to define the impact of side chain variations on protein structure and function. We
found that the variants L208N, L208T, L208D and L208H were severely compromised in
their stability. The other four variants were obtained in lower amounts in the order wildtype HNMT>L208F=L208V>L208K=L208R. Biochemical characterization of the two
variants L208F and L208V exhibited similar Michaelis-Menten parameters for SAM and
histamine while the enzymatic activity was reduced to 21% and 48%, respectively. A
substantial loss of enzymatic activity and binding affinity for histamine was seen for the
L208K and L208R variants. Similarly the thermal stability for the latter variants was
reduced by 8 and 13 °C, respectively. These findings demonstrate that position 208 is
extremely sensitive to side chain variations and even conservative replacements affect
enzymatic function. Molecular dynamics simulations showed that amino acid replacements
in position 208 perturb the helical character and disrupt interactions with the adjacent βstrand, which is involved in the binding and correct positioning of histamine. This finding
rationalizes the gradual loss of enzymatic activity observed in the L208 variants.
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Introduction
Histamine, [2-(1H-imidazol-4-yl)ethanamine], is a biogenic amine that plays important
roles in several physiological and pathological processes including the regulation of
inflammatory and immune responses, gastric acid secretion and bronchial asthma [1-4].
Histamine also functions as a neurotransmitter in the central nervous system (CNS) where
it contributes to the regulation of many processes such as the sleep/wake cycle, the
circadian rhythm, thermoregulation, stress and fluid homeostasis [5-7]. Furthermore,
histamine acts as a key neuromodulator in the developing nervous system. In the
embryonic state of the developing rat brain the maximum level of histamine concentration
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coincides with the period where neuronal differentiation takes place in several brain
regions [8-10]. Histidine decarboxylase, a pyridoxal 5’-phosphate (PLP)-dependent
enzyme, catalyzes the decarboxylation of the amino acid L-histidine to generate histamine,
which is stored in granules in airway mast cells, basophils and enterochromaffine cells
[5,11]. Release of histamine from cells is triggered upon the cross-linking surface-bound
immunoglobulin E (IgE) by allergens [12]. The actions of released histamine are mediated
through the four histamine receptors (H1R-H4R), which belong to the rhodopsin-like
family of G protein-coupled receptors [13-15]. H1R, H2R and H3R are expressed in
abundance in the brain whereas H4R is expressed mainly in peripheral tissues (e. g. the gut
and connective tissue) [14,16]. Released histamine is then rapidly inactivated and
disappears from the bloodstream within minutes [5].
In mammals, the action of histamine is terminated by either one of two mechanisms that
involve the methylation of the imidazole ring or the oxidative deamination of the primary
amino group. The former reaction is catalyzed by histamine N-methyltransferase (HNMT)
and the latter reaction by diamine oxidase (DAO) [17]. Products generated from these two
enzymatic reactions are virtually inactive at histamine receptors and are further converted
for transport and secretion [18,19]. HNMT is the primary metabolizing enzyme for
released histamine in bronchial epithelial cells, endothelial cells of human airways and the
human stomach [20,21]. In addition, HNMT is also the only enzyme responsible for the
termination of histamine action in the mammalian brain, since the other histaminemetabolizing enzyme, DAO, is not expressed in the CNS [5,22]. DAO, an enzyme of the
class of copper-containing amine oxidases, is the main histamine-degrading enzyme in
peripheral tissue including termination of exogenous histamine from ingestion (food and
alcohol) [14].
HNMT (EC 2.1.1.8) inactivates histamine by transferring a methyl group from Sadenosylmethionine (SAM), to the Nε2 atom of the imidazole ring, generating Nmethylhistamine and S-adenosylhomocysteine (SAH) [23,24]. Enzyme activity and mRNA
expression were found in most human tissues with high expression levels in kidney and
liver, with substantial expression in spleen, prostate, ovary, intestine and the spinal cord,
along with lower-level expression in heart, brain, placenta, lung, stomach and the thyroid
gland [18,25]. The hnmt gene is approximately 34 kb in length, located on chromosome
2q22.1, and consists of 6 exons [26-28]. Expression and characterization of human HNMT
showed that cytoplasmic HNMT has 292 amino acid residues with a total molecular mass
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of 33 kDa [18]. Several three-dimensional structures of HNMT with bound SAH and
histamine as well as various HNMT inhibitors revealed that HNMT is a monomeric protein
and consists of two domains. The large domain adopts a canonical methyltransferase
(MTase) fold with a SAM binding pocket, whereas the small domain contributes part of
the histamine binding pocket and may be involved in protein-protein interactions. The
bound histamine is buried in a hydrophobic pocket (surrounded by 14 aromatic amino acid
residues) at the interface of the two domains. Amino acid residues that interact with SAH
and histamine are highly conserved in vertebrates [29,30].
Since disturbances of histamine metabolism have been related to several diseases, i.e.
asthma, bronchial hyper-responsiveness (BHR), neurological disorders, the lack of
expression or decrease in HNMT activity have been proposed as a causative factor for
these diseases. A common single nucleotide polymorphism (SNP), C314T transition
(prevalence 0.1), resulting in the replacement of Thr105 by isoleucine was associated with
decreased enzyme activity, immunoreactive protein, and thermal stability [25]. Steadystate kinetics revealed that the apparent Michaelis constants (KM) increased 1.8 and 1.3
fold for SAM and histamine, respectively, and showed a reduction of the specific activity
of about 16% [29]. Moreover, from multiple molecular dynamic (MD) simulations,
isoleucine 105 apparently more strongly interacts with neighboring residues leading to a
disordering of several key residues responsible for SAM binding and lower hydrophobicity
of the substrate-binding site [31]. Thus, the polymorphic T105I variant has been proposed
to associate with several diseases including asthma, allergic rhinitis, essential tremor and
Parkinson’s disease [32-35].
Intellectual disability (ID) is a common neurodevelopmental disorder characterized by an
intelligence quotient of 70 or below with deficits in adaptive, daily living skills and
intellectual functioning manifesting before the age of 18 [36]. With a prevalence of about
1% of children worldwide ID is one of the major socioeconomic problems [37]. Recently,
two other homozygous missense mutations in the hnmt gene were identified in patients
affected with nonsyndromic autosomal recessive intellectual disability (ND-ARID) from
two unrelated consanguineous families of Turkish and Kurdish ancestry [38]. The first
mutation (hnmt c.179G>A) from the Turkish family resulting in a change of Gly60 to
aspartate (G60D) occurs in the conserved MTase region I, which is part of the SAMbinding pocket. This amino acid exchange completely disrupts binding of SAM and as a
consequence compromises catalytic activity, resulting in reduced histamine inactivation.
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The other mutation (hnmt c.632T>C) found in the Kurdish family results in the
replacement of Leu208 with proline (L208P). This invariant residue is located in helix E of
the MTase domain and forms several hydrophobic interactions with neighboring residues.
Interestingly, L208 is located in a considerable distance from the active site (ca. 18 Å from
the substrate binding pocket) (Fig. 1, panels A-C) suggesting that the adverse effect of the
amino acid replacement is caused by perturbations of the protein structure leading to
compromised enzyme function. In fact, previous attempts to express the L208P variant
were not successful [38]. In order to better understand the role and importance of L208 in
maintaining protein structure, stability and enzyme function we have engaged in a more
detailed analysis by generating a series of variants with either apolar (L208V and L208F),
polar (L208T and L208N) or charged (L208R, L208K, L208H, and L208D) amino acid
replacements. In the present study we report the biochemical properties of the variants that
were successfully expressed. In addition, we have investigated the role of L208 and the
impact of variations in this position by a set of molecular dynamic simulations. Taken
together these methods have provided detailed insights into the functional and structural
role of L208 and provide a rationale for the disease causing effect of mutations affecting
this amino acid position.

Materials and Methods
Reagents
All chemicals and reagents were of the highest purity commercially available from SigmaAldrich, Merck, and Carl Roth GmbH & Co. KG. [Methyl-3H]-SAM and Ultima Gold
liquid scintillation cocktail were from PerkinElmer. Ni-Sepharose (prepacked HisTrapTM
HP) and Superdex 200 prep grade (HiLoad 16/600 Superdex 200 pg) columns were from
GE Healthcare (Little Chalfont, UK). HNMT (wild-type) and L208 variants were
overexpressed in Escherichia coli and purified as previously described [38]. The
concentrations of the following compounds were determined spectrophotometrically using
these extinction coefficients: SAM and SAH, 260 = 15.4 mM-1 cm-1 [39]; and HNMT
(wild-type and L208 variants, based on amino acid sequence), 280 = 42.8 mM-1 cm-1.
Site-directed mutagenesis
Site-directed mutagenesis at position L208 was performed using QuickChange® SiteDirected Mutagenesis Kit (Stratagene, La Jolla, CA, USA). The mutagenic forward
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primers and the reverse primers (Supplemental Table S1) were from VBC-Biotech Service
GmbH (Vienna, Austria). The plasmid pET-21a harboring hnmt (wild-type) gene was used
as the template for mutagenic PCR. PCR reactions (18 cycles of the standardized protocol)
were performed using a PCR instrument with GeneAmp PCR system, Applied Biosystem ®
(Thermo Fisher Scientific, Waltham, MA, USA). The DNA sequences of all variant
plasmids were analyzed using the forward primers 5’-TAATACGACTCACTATAGGG-3’
(T7-Promoter) and the reverse primer 5’-GCTAGTTATTGCTCAGCGG-3’ (T7terminator) by LGC Genomics (Teddington, UK).

Protein expression and purification of HNMT (wild-type) and L208 variants in
Escherichia coli
Protein expression and purification of HNMT (wild-type) and L208 variants (L208V,
L208F, L208T, L208N, L208R, L208K, L208H, and L208D) with C-terminal His6 tag in
Escherichia coli was performed. E. coli BL21 (DE3) was transformed with the plasmid
pET-21a harboring hnmt (wild-type or mutated L208) genes. A colony of the transformants
was inoculated in lysogen broth (LB) containing 100 µg/mL of ampicillin to prepare a
preculture which was aerobically incubated at 37 °C and 150 rpm for 16 hours. The pre
cultured cells (1% of cell inoculation) were transferred to 10 L of LB containing 100
µg/mL of ampicillin. Cells were grown at 37 C and 150 rpm until the absorption at 600
nm of the cell culture reached 1.0. Synthesis of the recombinant protein was induced by
adding 0.1 mM of isopropyl β-D-thiogalactopyranoside (IPTG). The cell culture was
further grown at 18 C and 150 rpm for 16 hours. Cells were harvested using
centrifugation at 5000 g for 10 min. Cell paste was kept at -70 C until used.
To purify HNMT (wild-type) and L208 variants, frozen cell paste of the wild-type or L208
variants was thawed and resuspended in lysis buffer using 2.5 mL of buffer/g of cell paste.
This buffer contained 50 mM Tris-HCl pH 8.0, 100 mM NaCl, 10 mM imidazole, 1 mM
DTT, 100 µM PMSF and supplemented with protease inhibitors (Roche complete EDTAfree protease inhibitor cocktail, Roche). Cells were disrupted using ultrasonication with
50% amplitude for 15 min. Cell debris and unbroken cells were removed from the cell
lysate to gain the clear crude extract using centrifugation at 40000 g and 4 C for 1 hour.
The clear crude extract was filtrated (0.45 µm) and then applied onto a 5-mL Ni-Sepharose
HisTrap™ HP column (GE-Healthcare, Little Chalfont, UK) previously equilibrated with
50 mM Tris-HCl pH 8.0, 300 mM NaCl and 10 mM imidazole. The column was washed
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with 50 mM Tris-HCl buffer pH 8.0 containing 300 mM NaCl, 20 mM imidazole. HNMT
was eluted using 50 mM Tris-HCl buffer, pH 8.0 containing 300 mM NaCl and 300 mM
imidazole. Eluted fractions containing HNMT were pooled, and then concentrated using a
Centricon YM10 with 10 kDa cut-off. The concentrated protein fraction was loaded onto a
Superdex 200 prep grade column (HiLoad 16/600 Superdex 200 pg, GE-Healthcare, Little
Chalfont, UK) previously equilibrated with 50 mM Tris-HCl pH 8.0 containing 100 mM
NaCl. HNMT fractions were pooled and then concentrated as described before. The
purified HNMT was rapid-frozen and stored at -70 C until used. To check protein purity
and subunit molecular mass of HNMT, aliquots of the protein fractions were analyzed
using 12.5% SDS-PAGE and staining with Coomassie Brilliant Blue R250. Catalytic
activity for histamine N-methyltransferase of the protein fractions was determined using
radioactive methylation assay as described below.

Western blotting
Protein samples for western blot analysis were separated using 12.5% SDS-PAGE and then
electrically transferred to a nitrocellulose membrane by applying electricity (150 mA) from
a power supply for 1 hour. The membrane was blocked for 1 hour using 13% milk powder
in TBS buffer (50 mM Tris-HCl buffer pH 8.0 and 150 mM NaCl) containing 0.1% tween20. The membrane was incubated with the primary rabbit His-Tag antibody (1:1000
dilution, Cell Signaling Technology®, Danvers, MA, USA) for 16 hours, and then
incubated with the secondary antibody anti-rabbit IgG, horseradish peroxidase-linked
antibody (1:5000 dilution, Cell Signaling Technology®, Danvers, MA, USA) for 1 hour.
To detect chemiluminescent signal of antibody-bound His6 tagged HNMT, the
immunoblots were developed using enhanced chemiluminescent western blotting substrate
solution (Pierce-Thermo Fisher Scientific, Waltham, MA, USA).

Determination of melting temperature of HNMT (wild-type) and L208 variants
To investigate the thermal stability of HNMT (wild-type) and L208 variants in the absence
and presence of substrates, SAM and histamine, the melting temperature was determined
by a fluorescence-based thermal shift assay, using SYPRO Orange (Sigma-Aldrich, St.
Louis, MO, USA). Experiments were performed in a CFX Connect TM real-time PCR
detection system (Bio-Rad, Hercules, CA, USA) with a 96-well plate in FRET scan mode.
To prepare protein samples for the measurement, 5 µL of 1 mg/mL HNMT (wild-type or
L208 variants) were mixed with 5 µL of SYPRO Orange solution (200-fold dilution) and
91

15 µL of a buffer containing 50 mM Tris-HCl pH 8.0 and 100 mM NaCl to a final volume
of 25 µL in a 96-well plate. The protein samples in the presence of substrate (SAM or
histamine) were prepared similarly as described above but either SAM or histamine was
added to a final concentration of 2 mM. A temperature gradient from 20 C to 95 C was
set to monitor thermal unfolding of the protein, measuring fluorescence emission at 0.5 °C
increments with a 60 s hold for signal stabilization. The melting temperature of the protein
in the absence and presence of substrates was obtained from the peak of the derivatives of
the experimental data.

Determination of dissociation constants (Kd) of HNMT (wild-type) and L208 variants
All of the experiments to investigate dissociation constants (Kd) for SAM, SAH, and
histamine to HNMT (wild-type) and L208 variants and for histamine to the binary complex
of HNMT:SAH were performed using a VP-ITC system (MicroCal, Northampton, MA,
USA) in 50 mM Tris-HCl buffer pH 8.0 containing 100 mM NaCl at 25 C. All solutions
were degassed before measurements. The HNMT (wild-type) solution (30 µM) was
injected with SAM (0.42 mM), SAH (0.38 mM), or histamine (4 mM) (20 injections, 15
µL/injection, duration time 29.9 s, spacing time 250 s). Titration experiments for SAM,
SAH and histamine binding to the L208V and L208F variants were set to 20 injections of
15 µL of 0.7 mM SAM, 0.55 mM SAH, or 4 mM histamine (duration time 29.9 s, spacing
time 250 s) into the cell containing 30 M HNMT (L208V and L208F). To determine the
Kd of L208R and L208K variants for SAM, SAH, and histamine, 20 M of the HNMT
proteins were titrated with SAM (1 mM), SAH (0.8 mM), or 4 mM histamine (20
injections, 15 L/injection, duration time 29.9 s, spacing time 250 s). For the determination
of the dissociation constants for histamine to the binary HNMT (wild-type, L208V, and
L208K):SAH complex (20 µM HNMT:120-250 µM SAH), histamine (0.58 mM for
HNMT (wild-type) and 0.50 mM for the L208 variants) was titrated into the complex
solution (20 injections, 15 µL/injection, duration time 29.9 s, spacing time 250 s). The Kd
values of HNMT (wild-type) and L208 variants for SAM, SAH, histamine, and histamine
in the presence of SAH were obtained fitting the data to a single-binding-site model with
Origin version 7.0 (MicroCal, Northampton, MA, USA) for ITC data analysis.

92

Determination of catalytic activity of HNMT (wild-type) and L208 variants
To measure catalytic activity of HNMT (wild-type) and L208 variants; L208V, L208F,
L208R, and L208K, radioactive methylation assay was performed at 25 C. [Methyl-3H]SAM was utilized and the methylation reaction was monitored by formation of the product,
[methyl-3H]-histamine [29,40,41]. The assay reaction in a 1.5 mL Eppendorf tube
contained 20 nM HNMT (wild-type or L208 variants), 40 µM unlabeled SAM, 40 µM
histamine, 0.158 µCi [methyl-3H]-SAM, 1 mM EDTA, and 0.025% bovine serum albumin
in 125 mM bicine buffer pH 8.0 to make up a final volume of 100 µL. The reaction
mixture was preincubated at 25 C for 2 min prior to the addition of histamine to initiate
the reaction. Termination of the reaction was conducted by adding 75 µL of 1 M sodium
borate pH 11 after the reaction was incubated at 25 C for 30 min. The product, [methyl3

H]-histamine, was isolated from unincorporated [methyl-3H]-SAM in the reaction by

organic extraction by adding 1:1 toluene:isoamyl alcohol (1.25 mL). After vortexing and
centrifugation at 21100 ×g for 1 min, 1 mL of the organic phase was transferred to a 1.5
mL Eppendorf tube and then mixed with 250 µL of 0.5 M HCl. The tube was again
vortexed and centrifuged to facilitate phase separation. 200 µL of the aqueous phase were
transferred to a scintillation vial containing 10 mL of Ultima Gold liquid scintillation
cocktail (PerkinElmer, Waltham, MA, USA). After mixing, the vial was quantified by
scintillation spectrometry. To determine the variant and wild type enzymes’ kinetic
parameters, KM and kcat, for SAM, histamine was fixed at saturating concentration of 40
µM and the concentration of SAM was varied in the range of 5-80 µM. In order to obtain
the respective kinetic parameters for histamine, SAM concentration was kept constant at
40 µM and histamine concentration was varied in the range of 1-20 µM. Data analysis to
obtain the kinetic parameters was performed by plotting the rate of [methyl-3H]-histamine
formation normalized by the HNMT concentration (v/e) versus the substrate concentration
(SAM or histamine) and fitting the data points using Marquardt-Lavenberg algorithms in
the KaleidaGraph program (Synergy Software, Reading, PA, USA).

Measurements of circular dichroism (CD) spectrometry
To determine the secondary structure of HNMT (wild-type) and L208 variants, circular
dichoism (CD) spectrometry was performed using a Jasco J715 spectropolarimeter
(JASCO Inc., Tokyo, Japan) equipped with thermostat cell compartments. The CD spectra
of HNMT in the far UV region (260-185 nm) were recorded in quartz cells with path
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length 0.02 cm (Hellma, Forest Hills, NY, USA) with a scan speed of 100 nm/min at 25
C, averaged over three scans and corrected by the blank signal. HNMT was prepared in
20 mM Tris-acetate buffer pH 8.0 to give a final concentration in the range of 0.6-1
mg/mL. The secondary structure content of HNMT (wild-type) and L208 variants was
analyzed using the Spectra Manager program (JASCO Inc., Tokyo, Japan) and the web
tool DichroWeb [42,43].

MALDI-TOF mass spectrometry
Protein extraction from polyacrylamide gels and MALDI-TOF mass spectrometric
measurements for HNMT (wild-type) and L208 variants were conducted as previously
described [44,45]. The individual protein bands on a polyacrylamide gel were excised and
transferred to a 1.5 mL Eppendorf tube. Each excised gel piece was washed with deionized
water prior to be vortexed in 10% acetic acid solution for 10 min. The gel piece was
consequently washed with deionized water followed by acetonitrile and a final washing
step with deionized water. The stained color of Coomassie Brilliant Blue R250 on each gel
piece was removed completely by incubating the gel in a destaining solution containing
formic acid:deionized water:isopropanol (1:3:2 v/v/v) for 30 min. The gel piece was rinsed
with deionized water and dehydrated with acetronitrile. After the destaining procedure,
cysteines in the gel piece were alkylated and reduced by iodoacetamide and dithiothreitol
(DTT), respectively. Trypsin was then added to digest the protein in the gel at 37 C
overnight. After trypsin digestion, peptide mixtures were extracted and then desalted using
ZipTip (Millipore, Darmstadt, Germany). The desalted peptides were spotted onto a
MALDI plate with a matrix containing α-cyano-4-hydroxycinnamic acid. The mass spectra
of peptides were recorded using a Micromass Tof Spec 2E MALDI-TOF mass
spectrometer (Micromass, Cary, NC, USA) in reflectron mode at an accelerating voltage of
+20 kV. The instrument was calibrated with a poly(ethylene glycol) mixture (SigmaAldrich, St. Louis, MO, USA). ProteoMasS ACTH Fragment 18–39 (Sigma-Aldrich, St
Louis, MO, USA) was used as the peptide calibration standard for the instrument. To
analyze mass spectra from the measurement, MassLynx 4.1 (Waters, Milford, MA, USA)
was utilized to assign peptide mass profiles.
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In silico prediction of protein stability of the L208 variants
SNPeffect (version 4.0) (http://snpeffect.switchlab.org) [46,47] is a web tool program
which is used to analyze the structural effect of protein variations using various algorithms
(TANGO, WALTZ, LIMBO, and FoldX). Protein stability analysis and predicted protein
structure for L208 variants were determined and modelled by FoldX. The models for L208
variants were created based on the HNMT wild-type crystal structure (PDB: 1JQD, [29]).
The calculation of free-energy change (G) upon variations in the structural phenotype of
the protein using FoldX provides information of protein stability of the L208 variants. In
addition, the web-tool CUPSAT was utilized to analyze and predict protein stability upon
substitution of Leu208 with other amino acids [48].

Molecular dynamics (MD) simulations of HMNT
The crystal structure of the Thr105 polymorphic variant of HNMT in complex with Sadenosylhomocysteine (SAH) and histamine (PDB:1JQD, chain B) [29] was used as a
starting structure for molecular dynamic (MD) simulations. For calculations of HMNT in
complex with the methylating cofactor SAM and histamine, which represents the
catalytically competent enzymatic complex, a model was created based on the crystal
structure. Therefore, a methyl group was tethered to the sulfur atom to give a chiral sulfur
center in (S) configuration, which constitutes the biologically active form of SAM [49].
Variants of HMNT were produced by in-silico point mutations of the created HMNT
model. MD simulations and analyses were performed using the YASARA Structure suite,
version 13.9.8 (YASARA Biosciences) [50]. A periodic simulation cell that enveloped the
whole enzyme with an additional 5 Å margin in each dimension, was used with explicit
solvent. The AMBER03 force field [51] was applied and long-range electrostatic potentials
were calculated using the Particle Mesh Ewald (PME) method and a cutoff of 7.864 Å
[52,53]. The AutoSMILES utility was used to attribute force field parameters to SAH and
histamine [54]. For SAM Mulliken charges were generated by single point DFT
calculations via GAMESS [55], using the B3LYP/6-311G** basis set.
The hydrogen bonding network optimizations were carried out using the method of Hooft
and co-workers [56], and pKa values at pH 7.5 were assigned [57]. The simulation cell was
filled with water containing 0.9 % of NaCl and a density of 0.993 g/mL. Solvent was
relaxed and the system was subsequently energy minimized using steepest descent
minimization to remove conformational stress, followed by a simulated annealing
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minimization step to convergence (< 0.05 kJ/mol per 200 steps). Integration time steps
were 1.33 and 4 fs for intra- and intermolecular forces, respectively. Subsequently, MD
simulations at 310 K were performed, whereby integration time steps for intramolecular
and intermolecular forces of 1.25 fs and 2.5 fs were applied, respectively. All MD
simulations were carried out in quadruplicate with varying seed numbers and over a time
span of 25 ns.

Results
In silico prediction of protein stability
The three-dimensional structure of HNMT shows that the L208 residue is located in one of
six helices, termed helix E, flanking a seven-stranded β-sheet of the MTase domain [29].
Although this position is not in or near the active site of HNMT a multiple alignment with
vertebrate HNMTs (44-99 % identity) revealed that L208 is invariant indicating a
conserved structural role of the residue (Fig. 1A and 1C). In fact L208 has several contacts
in the same and the neighboring α-helix as well as the adjacent β-sheet (Fig. 1, panels A
and B). Recently, we have reported the drastic destabilizing effect (ca. 8 kcal/mol) of the
disease-related L208P variant on protein stability [38]. In order to assess further the
importance of residue 208 for protein stability we have extended our previous calculations
using FoldX in SNPeffect 4.0 [46,47]. As shown in Fig. 1D, all amino acid replacements
result in lower protein stability with the strongest effects found for charged amino acids
(Arg, Asp, Lys) whereas hydrophobic residues were predicted to exert only a moderate
effect on protein stability (1-3 kcal/mol for L208F and L208V). The results from the
calculations with FoldX in SNPeffect 4.0 were consistent with protein stability changes
predicted by the web-tool CUPSAT (data not shown). From this analysis, we concluded
that side chain packing in this hydrophobic pocket is critical for protein stability. This
insight prompted us to further investigate protein stability and enzyme activity for the
series of HNMT variants displayed in Fig. 1D.
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Fig. 1: Structure of HNMT with a focus on position 208, sequence alignment and
protein stability analysis. Three-dimensional HNMT structures at the hydrophobic pocket
around residue 208 for L208 in yellow (A) and L208P in orange (B) with surrounding
apolar residues: I170, Y215, I288, and I290 in purple and L155, L204, L211, G212, L213
in light blue. (C) Protein sequence alignment of HNMT homologs using Clustal Omega
1.2.1 (www.clustal.org/omega) at the hydrophobic pocket surrounding residue L208. The
L208 is highlighted in yellow. Residues I170, Y215, I288, and I290 were highlighted in
purple and residues L155, L204, L211, G212, L213 in light blue. All HNMT sequences
used for the alignment were obtained from NCBI Reference Sequence Database: human
(NP_008826.1), chimpanzee (XP_001156140.1), gorilla (XP_004032652.1), bovine
(NP_001030511.1), pig (NP_001166431.1), mouse (NP_536710.1), chicken
(NP_001264802.1),
xenopus
(NP_001080614.1),
opossum
(UniProtKB
browser_F6X9A6), zebrafish (NP_001003636.1), and tetraodon (Q4SB6.1). (D) Effect of
amino acid substitutions at position 208 on protein stability as calculated by by SNPeffect
4.0 (FoldX) expressed as the difference to wild-type protein (G in kcal/mol).

Protein expression and purification of L208 variants
The eight variants of human HNMT, i.e. L208V, L208F, L208T, L208N, L208R, L208K,
L208H, and L208D were expressed in E.coli BL21 (DE3) cells as described in Materials &
Methods. The two variants with conservative amino acid exchanges, i.e. L208V and L208F
were expressed as soluble proteins. In contrast, the variants L208T, L208N, L208H, and
L208D were found exclusively in inclusion bodies. Attempts to solubilize these variants by
coexpression with chaperones were not successful. Interestingly, the two variants bearing a
positively charged amino acid, i.e. L208R and L208K, were also detectable as soluble
proteins although the stability prediction by FoldX has indicated a profound destabilizing
effect (Fig. 1D). The protein variants expressed in the soluble fraction were purified using
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a two-step protocol employing Ni-Sepharose affinity and size-exclusion chromatography
(see Materials & Methods) as presented in Fig. 2. The yield of purified wild-type protein
was 6 mg/g of cell paste. A slightly lower yield of 2 mg/g wet cell paste was achieved with
the variants L208V and L208F whereas the yield for the variants L208R and L208K were
significantly lower amounting to only 0.2-0.4 mg/ g cell paste, respectively (Table 1).

Fig. 2: Protein expression and purification for HNMT (wild-type) and L208 variants.
The recombinant HNMT (wild-type) and L208 variants were expressed in E.coli and
purified using Ni-Sepharose affinity and Superdex 200 size-exclusion chromatography.
SDS-PAGE (12.5%) analysis of HNMT (wild-type) (A) and L208 variants; L208V (B),
L208F (C), L208R (C), and L208K (D) after each step of the protein purification. Lane M,
low molecular mass protein marker; lane 1, crude extract; lane 2, the protein fraction after
Ni-Sepharose chromatography; lane 3, the protein fraction after Superdex 200 sizeexclusion chromatography.

Table 1: Protein purification table for HNMT (wild-type) and soluble L208 variants
Step of
protein
purification

Wild-type
Total
protein
(mg)

%
yield

L208V
Total
protein
(mg)

L208F
%

yield

Total
protein
(mg)

L208R
%

yield

Total
protein
(mg)

L208K
%

yield

Total
protein
(mg)

%
yield

Crude extract

1727

100

1305

100

1307

100

1243

100

3852

100

Ni-Sepharose

197

11

64

5

68

5

42

3

43

1

Superdex 200

111

6

37

3

41

3

7

0.5

16

0.4

(6) 

(2)

(2)

(0.2)

(0.4)

Starting cell paste for protein purification for HNMT (wild-type), L208V, L208F, L208R,
and L208K variants was 20, 19, 19, 30, and 45 g respectively.

Amount of protein in mg per g of cell paste (mg/g) is shown in parentheses.
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Determination of dissociation constants using isothermal titration calorimetry (ITC)
We have employed isothermal titration calorimetry (ITC) to determine the affinity of SAM
to wild-type HNMT and the soluble variants L208V, L208F, L208R, and L208K. As
shown in Fig. 3 (panels A-E), titration of the proteins with SAM at 25 C produced
exothermic signals. The ITC titration data were fitted to a single-binding-site model
yielding dissociation constants of 49 ± 2, 38 ± 2, 42 ± 4, 62 ± 13, and 64 ± 10 µM for the
wild-type, L208V, L208F, L208R, and L208K, respectively. The results indicate that
affinity of SAM to HNMT (wild-type) and the L208 variants is not significantly affected
by the amino acid substitution at position 208. Interestingly, the product SAH, binds
twenty times more tightly to the wild-type and six times more tightly to the variants L208V
and L208K than SAM, exhibiting dissociation constants of 2 ± 0.2, 6 ± 2, and 11 ± 3 µM,
respectively (Fig. 4 and Table 2).

Fig. 3: Binding of SAM to HNMT (wild-type) and L208 variants. ITC experiments
were performed in 50 mM Tris-HCl buffer, pH 8.0, containing 100 mM NaCl at 25 C
using a VP-ITC system (MicroCal). Isothermal calorimetric titrations of HNMT (wildtype) (A) and L208 variants for L208V (B), L208F (C), L208R (D) and L208K (E) with
SAM are shown. The dissociation constants for SAM binding to HNMT (wild-type),
L208V, L208F, L208R, and L208K were 49 ± 2, 38 ± 2, 42 ± 4, 62 ± 13, and 64 ± 10 µM,
respectively.
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Fig. 4: Binding of SAH to HNMT (wild-type) and L208 variants. ITC experiments were
performed in 50 mM Tris-HCl buffer, pH 8.0, containing 100 mM NaCl at 25 C using a
VP-ITC system (MicroCal). Isothermal calorimetric titrations of HNMT (wild-type) (A)
and L208 variants for L208V (B), and L208K (C) with SAH were presented. The
dissociation constants for SAM binding to HNMT (wild-type), L208V, and L208K were 2
± 0.2, 6 ± 2, and 11 ± 3 µM, respectively.

Table 2: Dissociation constants (Kd) of HNMT (wild-type) and L208 variants for
SAM, SAH and histamine in the presence of SAH by ITC
Dissociation constants (Kd, µM)
HNMT

Histamine

SAM

SAH

Wild-type

49 ± 2

2 ± 0.2

19 ± 3

L208V

38 ± 2

6±2

ND

L208F

42 ± 4

-

-

L208R

62 ± 13

-

-

L208K

64 ± 10

11 ± 3

ND

ND = not detectable and dash (-) = not measured

100

(in the presence of SAH)

In contrast to SAM and SAH, the binding of histamine to HNMT is not detectable by ITC.
However, in the presence of SAH, exothermal signals were obtained upon titration with
histamine enabling the determination of the dissociation constant by fitting the data to a
single-binding-site model. This yielded a dissociation constant of 19 ± 3 µM (Fig. 5, panel
A). In the case of the L208V and L208K variants no signals were obtained indicating that
histamine binding is substantially affected even in the conservative L208V variant (Fig. 5,
panels B and C). A summary of the data obtained by ITC is given in Table 2.

Fig. 5: Binding of histamine to HNMT (wild-type) and L208 variants in the presence
of SAH. Isothermal calorimetric titrations of HNMT (wild-type) (A), L208V (B), and
L208K (C) variants with histamine in the presence of SAH were performed in 50 mM TrisHCl buffer, pH 8.0, containing 100 mM NaCl at 25 C using a VP-ITC system (MicroCal).
The ITC experiment for HNMT (wild-type) consisted of 20 consecutive injections of
histamine (0.58 mM, 15 µL/injection) into the cell containing 20 µM HNMT (wild-type)
and 0.12 mM SAH. For L208V and L208K, a solution of the L208 variants and 0.25 mM
SAH in the cell was titrated with histamine (0.50 mM, 15 µL/injection, 20 injections). Data
analysis by non-linear least-squares fitting using Origin version 7.0 (Microcal) was
conducted to obtain the dissociation constant for histamine binding to HNMT (wild-type)
in the presence of SAH of 19 ± 3 µM. There was no released heat observed after 20
consecutive injections of histamine into the L208 variants in the presence of SAH.
Catalytic activity of wild-type HNMT and the soluble L208 variants
To determine the effect of amino acid substitutions at position 208 on the catalytic activity,
we employed a radioactive methylation assay as described in Materials & Methods
[29,40,41]. As shown in Fig. 6 (panel A), product formation (N-methylhistamine) was
reduced to 48 ± 5 %, 21 ± 2 %, 6 ± 0.5 % and 1 ± 0.05 % for the L208V, L208F, L208K
and L208R variant, respectively, in comparison to wild-type enzyme. To gain further
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insight, a set of steady-state experiments was performed at various concentrations of SAM
and histamine. Kinetic parameters of the methylation reaction were obtained by
determining the rate of [methyl-3H]-histamine generation as a function of SAM or
histamine concentrations (Fig. 6 B and C, respectively) and fitting of the data to the
Michaelis-Menten equation. A summary of the kinetic parameters is shown in Table 3. In
the case of the L208V variant kinetic parameters are only marginally affected with both KM
values in a similar range as observed for the wild-type and a 3-times lower kcat. The L208F
variant is clearly more affected exhibiting significantly higher KM values and a 5.5-times
lower kcat. This tendency is even more pronounced with the L208R and L208K variants. In
the case of the former variant no data was obtained due to the low overall activity (see also
Fig. 6, panel A).

Table 3: Apparent kinetic parameters of HNMT reaction for HNMT (wild-type) and
L208 variants
HNMT

𝑲𝐒𝐀𝐌
(µM)
𝐦

𝑲𝐡𝐢𝐬𝐭𝐚𝐦𝐢𝐧𝐞
(µM)
𝐦

kcat (s-1)

Wild-type

4.1 ± 1.2

1.9 ± 0.7

0.61 ± 0.08

L208V

6.8 ± 1.6

1.1 ±0.2

0.23 ± 0.01

L208F

12.4 ± 4.8

3.4 ± 0.5

0.11 ± 0.01

L208R

ND

ND

ND

L208K

15.0 ± 5.8

ND

0.03 ± 0.006

ND = not detectable
Enzymatic activity of HNMT was measured using radioactive methylation assay to
determine the product formation of methyl-histamine [methyl-, 3H].
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Fig. 6: Catalytic activity and steady-state kinetics of HNMT (wild-type) and L208
variants. (A) Percentage of enzymatic activity of HNMT (wild-type) and L208 variants.
(B) Michaelis-Menten plot for HNMT (wild-type) and L208 variant reactions when SAM
concentration was varied. Determination of HNMT activity using a radioactive
methylation assay was conducted at 25 C, monitoring the product, methyl-histamine
[methyl-, 3H] formation. The reaction contained 20 nM HNMT (wild-type; filled circle,
L208V; empty circle, L208F; empty square, L208R; empty diamond, and L208K; empty
triangle) in 125 mM bicine buffer pH 8.0 with 0.15 µCi SAM [methyl-, 3H], 0.025%
bovine serum albumin, 1 mM EDTA, a fixed concentration of histamine (40 µM), and
various concentrations of SAM (5, 10, 20, 40, 80 µM). (C) Michaelis –Menten plot for
HNMT (wild-type) and L208 variant reactions when the histamine concentration was
varied. The HNMT activity was monitored at 25 C from the reactions consisting of 20 nM
HNMT (wild-type; filled circle, L208V; empty circle, L208F; empty square, L208R;
empty diamond, and L208K; empty triangle) in 125 mM bicine buffer pH 8.0, 0.15 µCi
SAM [methyl-, 3H], 0.025% bovine serum albumin, 1 mM EDTA, a fixed concentration of
SAM (40 µM), and various concentrations of histamine (1, 2, 5, 10, 20 µM).
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Thermal stability of L208 variants of HNMT in the absence and presence of SAM and
histamine
The determination of thermal protein stability was performed by a fluorescence-based
thermal shift assay (Thermofluor® technique) to obtain the melting temperatures (Tm) of
wild-type and the soluble variants (L208V, L208F, L208R, and L208K). This analysis was
also carried out in the presence of either SAM or histamine. A compilation of the data is
given in Table 4. In the case of the conservative replacements, i.e. the L208V and L208F
variants, only a slight decrease of the melting temperature was observed. In contrast, the
L208R and L208K variants showed significantly lower melting temperatures amounting to
13 and 8 C, respectively. In the presence of either SAM or histamine no significant effects
on the melting temperature were observed except for a small thermal stabilization of the
L208R variant in the presence of SAM (Table 4). In summary, these results confirm that
position 208 plays an important role in maintaining the structural integrity of the protein.

Table 4: Melting temperature (Tm, C) of HNMT (wild-type) and L208 variants in the
absence and presence of SAM and histamine
Melting temperature (C)
Substrate
Wild-type

L208V

L208F

L208R

L208K

No substrate

61.3 ± 2.0

57.8 ± 2.1

60.4 ± 2.9

48.4 ± 0.6

53.7 ± 1.8

+ SAM

61.5 ± 0.2

58.9 ± 0.5

59.4 ± 1.9

51.7 ± 0.4

53.4 ± 0.9

+ Histamine

60.4 ± 2.8

56.9 ± 1.3

59.8 ± 2.7

48.3 ± 0.3

51.5± 2.5

Secondary structure analysis of HNMT (wild-type) and L208 variants
The effect of amino acid substitutions on the secondary structure and folding properties,
circular dichroism spectra of HNMT (wild-type) and the L208 variants (Supplemental Fig.
S1) were recorded. Analysis of CD spectrum of the wild-type using the web-tool
DichroWeb [42,43] gave a secondary structure composition, as presented in Table 5, which
reasonably corresponded to data obtained from the in-silico analysis of the crystal structure
and showed even better congruence when compared to the average secondary structure
composition predicted from 25 ns MD simulations of HNMT (vide infra) using the
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YASARA suite [58]. In addition, when L208 variants were subjected to the analogous insilico analysis, no significant difference in the content of secondary structure compared to
wild type was observed (Table 5).

Table 5: Secondary structure content of HNMT (wild-type) and L208 variants

Secondary
- structure
content

Wild-type
(CD)*

Wild-type
(PDB)#

Wild-type$

L208V$

L208F$

L208R$

L208K$

L208P$

Helix

38

46

40 ± 1

42 ± 1

42 ± 3

43 ± 3

41 ± 2

42 ± 1

Sheet

17

26

22 ± 1

24 ± 0.5

23 ± 1

24 ± 1

23 ± 1

23 ± 1

Turn

19

10

15 ± 1

13 ± 2

12 ± 3

13 ± 1

15 ± 2

13 ±1

Coil

27

17

22 ± 2

19 ± 1

21 ± 2

19 ± 2

20 ± 2

22 ± 1

1

1±1

2±1

2±2

1±1

1±1

1±1

3-10 helix
*

The secondary structure content of HNMT (wild-type) from the CD measurement were

analyzed using the Spectra Manager program and the web tool DichroWeb [42,43]
#
$

The secondary structure content from the HNMT crystal structure (pdb: 1JQD:chain B)
The average secondary structure content calculated from quadruplicate 25 ns MD

simulations using the YASARA suite.

Molecular dynamics (MD) simulations of HNMT
Using the crystal structure of HNMT in complex with SAH and histamine as a starting
point, 25 ns MD calculations were performed. The structures showed over all stability over
the observed time frame. Generally, a displacement of the histamine ligand was observed.
In three of four simulations the histamine was pushed closer to the SAH cofactor, with the
deprotonated Nε2 pointing towards the sulfur atom of SAH (Supplemental Fig. S2) and thus
in a suitable orientation and distance for transfer of a methyl group. In one simulation the
histamine dissociated from the binding pocket. Analysis of this set of simulations revealed
that during all four simulations direct H-bonding of the histamine ligand to amino acid
residues, which was observed in the crystal structure, was lost in lieu of H-bonds to
surrounding water molecules. Specifically, the intercalation of water molecules between
Asn283, Glu28 and the aliphatic nitrogen of histamine brought the Nε2 of histamine closer
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towards the SAH sulfur (Supplemental Fig. S3). A possible explanation for the
repositioning in the MD simulation, as compared to the crystal structure lies in the distinct
pH values: While the crystals were obtained at pH 5.6, at which the protein is barely
active, MD simulations were performed at pH 7.5, where HNMT shows maximum activity
[29].
When simulations were repeated for the catalytically competent complex of HNMT, SAM
and histamine, the analogous repositioning and ‘anchoring’ of histamine by water
molecules bridging Asn283 and histamine was observed in all four simulations (Fig. 7,
panel A). The positioning of the transfer-methyl group of SAM and the histamine’s
acceptor atom Nε2, as seen in trajectory analyses (Fig. 7, panel B), with distances down to
3.2 Å approximating the van der Waals contact distance, suggests that the MD simulation
depicts the catalytically competent enzyme complex. Furthermore, our results suggest that
the positioning of histamine in the SAM coordinated HNMT is similar as in the SAH
bound complex.

B

A

Figure 7: (A) Active site of HNMT in complex with SAM and histamine showing the
hydrogen bonding network (yellow) connecting the alphatic N of histamine with the
protein structure. The 17050 ps snapshot (snapshot #683) from one MD simulation of the
HNMT:SAH:histamine complex at pH 7.5 and 310 K is shown. Nitrogens are in blue
oxygen is red, hydrogens are shown in white and sulfur is depicted in green. (B) Trajectory
showing the distance of the sulfur bound methyl group of SAM and the recipient atom N2
of histamine. The point of time at which the snapshot from (A) was taken is indicated by a
red arrow.
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In order to gain insights into the impact of amino acid variations at position 208, 25 ns MD
simulations of the respective variants of this study in complex with SAH and histamine
were conducted. Substitutions of L208 by V, F, R and K as well as the disease related
L208P variant [38] were subjected to MD analysis. During the 25 ns time period of
simulation all investigated structures were stable with similar overall secondary structure
content. Inspection of the average structures revealed the presence of two principle
conformations, namely an open and closed conformation: The crystal structure, which was
also the principle starting structure of all simulations, showed a rather narrow cleft between
the helix spanning residues 10-25 and the helix constituted by residues 91-105. In several
simulations the distance between these two helices widened considerably (Supplemental
Fig. S4). This is consistent with previous findings that dynamic conformational changes
from closed to open forms occur in apo-HNMT [31]. Here, as a measure of the
conformational state (open versus closed), average distances of the C of H12 and of C
of S91 were compiled for all MD simulations (Supplemental Table S2).
While the overall secondary structure content of the structures was not significantly
impacted by the investigated amino acid substitutions (Table 5), a significant decrease of
the average helical character of helix E was found (Supplemental Table S3), suggesting
destabilization of this secondary structure. This effect was also reflected in a local increase
in the -helix’s RMSD values (Supplemental Table S2). Notably, the observed effects, a
decrease in -helical secondary structure and increased RMSD values, correlated with the
enzyme’s activity in vitro (Table 3 and Fig. 6), with the strongest impact on the L208R and
L208P variants. The destabilization was, however not significantly propagated to other
secondary structure elements.
The average histamine’s positioning was dramatically disturbed in the variant L208P with
the histamine methylation target site Nε2 (Nε2his) more remote from the SAH sulfur than the
nitrogen of the substrate’s aliphatic amino group Nhis (Table S3). In contrast, in the wild
type the nitrogen of the aliphatic amino group remained at a similar distance and
positioning compared to the SAH sulfur in all four simulations, whereas the reorientation
of the aromatic ring away from the SAH, resulting in a greater distance of Nε2 to the sulfur
only occurred in one instance. The variant L208F showed a similar behavior as the variant
L208P with the histamine consistently reoriented and at greater distances than in the wild
type. In the variants L208R and L208K deviations from average position of the histamine
in the wild type are still observable but less pronounced. Surprisingly, the histamine
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appears to be drawn closer to SAH in the L208K variant than in other structures. The data
are summarized in Supplemental Table S2 and average data for all four simulations are
given in Table 6. Average distances and standard deviations for a set of four MD
simulations show that SSAH - Nhis distances are strongly conserved in the wild type, while
distances and their variations fluctuate in the variants, indicating that the ‘anchoring’ of
histamine via its aliphatic nitrogen atom is disturbed. This was further confirmed by the
visual inspection of average protein structures.

Table 6: Average distances of N2 and aliphatic N of histamine to the sulfur of SAH
(SSAH) and their variance, determined from a set of four MD simulations.
SSAH - N2 his

SSAH - N his

Average Distance

STDEV

Average Distance

STDEV

(N=4)

(N=4)

(N=4)

(N=4)

Wild-Type

8.2

2.1

9.1

0.2

L208V

8.3

1.9

10

0.2

L208F

11.4

2.2

10

1.4

L208R

8.9

2.4

10.7

1.4

L208K

7.9

3

8.7

0.8

L208P

11.5

2.6

10

1

In order to assess how amino acid replacements at position 208 alter the binding site of
histamine structures obtained in our MD simulations were analyzed in more detail. In this
context, it is noteworthy that no correlation between the open and closed conformation of
HNMT and the positioning of histamine was observed. Visual inspection of the protein
crystal structure as well as average structures from MD simulations showed that Ser201 in
-helix E forms a hydrogen bond to Ser286 in the adjacent -strand, which is separated by
only two amino acids from Asn283, the residue apparently responsible for the correct
anchoring of the nitrogen atom of the aliphatic amino group (Fig. 8). A relative
destabilization and greater mobility of the -helix in the variants, as observed in our
simulations (Supplemental Table S2 and S3), may propagate to Asn283 and thus
compromise histamine binding. This in turn could reasonably rationalize the observed
impaired catalytic activity of the variants that correlates with the increase in -helix
destabilization. Equally, introduction of large amino acids in position 208, e.g.
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phenylalanine, leads to clashes with Tyr215 (Fig. 8), which is located in the same adjacent
-strand as Ser 286, and may thus disturb the positioning of histamine by Asn283 in a
similar fashion.

B

A

Fig. 8: Cartoon showing the structural features that link the residue 208 bearing helix, which spans residues 200-212, with residues lining the histamine binding pocket
in HNMT. Average structures from 25 ns simulations of (A) wild type HNMT and (B) the
L208R variant are shown. The histamine ligand and selected amino acids, which link the
respective secondary structures through side chain interactions are shown. Hydrogen,
nitrogen and oxygen atoms are shown in white, blue and red, respectively. Carbon atoms
are shown in pink (A) and grey (B).

Discussion
The L208P variant of human HNMT was recently discovered as the cause of intellectual
disability although inspection of the crystal structure did not provide a clear rationale for
the putative dysfunction of the enzyme in histamine degradation. Analysis of the impact of
the replacement of leucine by other amino acids with either charged (K, L, D, H), polar (T,
N) or apolar (V, F) side chains suggested a clear relationship disfavoring charged and polar
residues in comparison to apolar residues (Fig. 1D). This concept was largely supported by
our expression experiments as variants bearing charged or polar side chains were not
sufficiently soluble or stable for successful protein purification. Interestingly, the L208K
and L208R variant could be isolated and partially characterized although they were
predicted to be less stable than the L208T, L208H or L208N variants. This unforeseen
stability of the L208K and L208R variant could be due to the length of the side chain that
places the positively charged amino or guanidine group closer to the surface and thus
alleviates the unfavorable contacts to the hydrophobic amino acid side chains in the
vicinity of position 208.
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The four variants L208V, L208F, L208K and L208R were isolated in varying amounts.
Whereas the yields for the L208V and L208F variants were only reduced three-fold the
latter two variants showed a thirty-fold decrease (Table 1). This apparent difference in
stability was also reflected by the melting temperatures, which were slightly lower for the
L208F and L208V but much more severely reduced for the L208K and L208R variants
(Table 4). A similar tendency was observed in steady-state measurements that showed
slightly reduced enzymatic activity for the L208V and L208F variants while the L208K
and L208R variants exhibited less than 5% residual activity (Fig. 6 and Table 3). This
initial characterization of the generated variants clearly suggested that position 208 is very
sensitive to amino acid replacements resulting in a deterioration of stability and enzyme
function, which strongly depends on the properties of the amino acid side chain.
In order to obtain further insights into the molecular mechanism by which the amino acid
in position 208 exerts its influence on enzymatic activity we investigated the binding of
SAM, SAH and histamine to the variants. Interestingly, binding of SAM and SAH was
apparently not much affected in any of the variants with only a moderately higher
dissociation constant for SAM and SAH for the L208K and L208R variants (Fig. 3 and 4;
Table 2). In contrast, histamine binding as demonstrated by ITC measurements (in the
presence of SAH) was only detectable for wild-type protein and even the L208V variant
appeared to be compromised in histamine binding (Fig. 5). This result suggests that the
effect on histamine binding is the major cause for the deterioration of enzymatic function
in the variants. However, it was still not clear how amino acid exchanges in position 208
affect the binding of histamine. To address this question, we have carried out molecular
dynamics (MD) calculations on the basis of the previously reported crystal structure of the
HNMT:SAH:histamine complex ([29], PDB: 1JQD).
In our MD simulations we have noticed that histamine repositions in the active site to
adopt a suitable position and orientation for the transfer of a methyl group from SAM to
the Nε2, i.e. the crystal structure does not reflect a catalytically competent complex. This
difference is obviously the consequence of the different pH values used for crystallization
and our simulations, respectively. While crystallization was conducted at a low pH where
the enzyme is inactive, we have used a physiological pH where the enzyme is active. Thus
the observed repositioning of histamine appears to be triggered by the difference in pH
used in the MD simulations.
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Binding and positioning of histamine appears to be mainly achieved by interactions of the
aliphatic amino group with water molecules, which are hydrogen bonding to the side
chains of Asn283 and Glu28. Although position 208 is remote from the histamine binding
pocket our simulations have indicated that amino acid exchanges destabilize the resident
-helix and this in turn disturbs side chain interactions with the adjacent -strand that
contains Asn283. Thus amino acid replacements in position 208 exert a long-range effect
that propagates from -helix E to the adjacent -strand and eventually affects amino acids
directly involved in histamine binding. This scenario is supported by our observation that
the degree of -helix destabilization and the loss of catalytic activity correlate. The
resulting disturbance of histamine binding can potentially impact both histamine affinity
(Kd) and the correct positioning of histamine for methylation and, consequently, the rate at
which methylation occurs.
This effect from single amino acid exchange was also observed in another polymorphic
SAM-dependent methyl transferase, thiopurine S-methyltransferase (TPMT). The amino
acid replacement of a tyrosine by a cysteine at position 240 (TPMT*3C, the Y240C
variant), which is located in -strand 9, reduced enzymatic activity [59] and lowered the
melting temperature from 50 to 39 C [60,61]. Although no overall structural differences
were observed in the Y240C variant, MD simulations indicated a loss of side chain
interactions between -strand 9 and the adjacent helix α8, which in turn appears to affect
the substrate binding site [62]. In addition, catechol O-methyltransferase (COMT) also
occurs in the V108M variant. Again, this position is 16 Å apart from the SAM-binding
site, but the amino acid exchange causes the reorientation of a proximal helix, resulting in
the perturbation of the SAM and substrate binding sites [63,64].
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Supplemental Figures
Fig. S1

Fig. S1: Secondary structures of HNMT (wild-type) and L208 variants.
Determination of secondary structures of HNMT (wild-type) and L208 variants was
performed in 20 mM Tris-acetate buffer, pH 8.0 using a Jasco J715
spectropolarimeter (JASCO Inc., Tokyo, Japan) at 25 C. CD spectra of HNMT
(wild-type; black), L208F (blue), and L208R (red) were presented. Protein
concentration was in the range of 0.6-1 mg/mL in a cell of path length 0.02 cm.
Buffer spectra have been subtracted.
Fig. S2

Fig. S2: Overlay of the active sites of the SAH and histamine binding HNMT
crystal structure (light pink) and the respective average structure (grey) from one
selected 25 ns of simulation at pH7.5 and 310 K. Nitrogens are in blue oxygen is
red, hydrogens are shown in white and sulfur is depicted in green.
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Fig. S3

A

B

Fig. S3: Active site of HNMT in complex with SAH and histamine showing
hydrogen bonding network (yellow) connecting the alphatic N of histamine with
protein structure. (A) Prototypical, 915 ps snapshot from one MD simulation of
HNMT:SAH:histamine complex at pH 7.5 and 310 K. (B) H-bonding network in
HNMT crystal structure at pH 5.6. Nitrogens are in blue, oxygen is red, hydrogens
shown in white and sulfur is depicted in green.
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Fig. S4

Fig. S4: Average structures of four 25 ns simulations of the L208K variant of HNMT.
Closed (upper left panel), intermediate (upper right and lower left panels) and open
(lower right panel) average structures are shown. The molecular surface is given in
green, secondary structures are given in blue (-helix), red (-sheet) and cyan (coil,
turn). SAH carbons are shown in cyan, nitrogens are in blue oxygen is red, hydrogens are
shown in white and sulfur is depicted in green.
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Supplemental Tables
Table S1: Oligonucleotide primers used in site-directed mutagenesis to generate L208
variant plasmids
Nucleotide Sequence (5’-3’)

Primer
HNMT-L208V_fw

GACCTCACTCAGATGGTGGACAACCTAGGGCTTAAG

HNMT-L208V_rev

CTTAAGCCCTAGGTTGTCCACCATCTGAGTGAGGTC

HNMT-L208F_fw

GATGACCTCACTCAGATGTTCGACAACCTAGGGCTTAAG

HNMT-L208F_rev

CTTAAGCCCTAGGTTGTCGAACATCTGAGTGAGGTCATC

HNMT-L208T_fw

GACCTCACTCAGATGACCGACAACCTAGGGCTTAAG

HNMT-L208T_rev

CTTAAGCCCTAGGTTGTCGGTCATCTGAGTGAGGTC

HNMT-L208N_fw

GATGACCTCACTCAGATGAACGACAACCTAGGGCTTAAG

HNMT-L208N_rev

CTTAAGCCCTAGGTTGTCGTTCATCTGAGTGAGGTCATC

HNMT-L208R_fw

GACCTCACTCAGATGCGTGACAACCTAGGGCTTAAG

HNMT-L208R_rev

CTTAAGCCCTAGGTTGTCACGCATCTGAGTGAGGTC

HNMT-L208D_fw

GATGACCTCACTCAGATGGATGACAACCTAGGGCTTAAG

HNMT-L208D_rev

CTTAAGCCCTAGGTTGTCATCCATCTGAGTGAGGTCATC

HNMT-L208K_fw

CAGATGACCTCACTCAGATGAAAGACAACCTAGGGCTTAAG

HNMT-L208K_rev

CTTAAGCCCTAGGTTGTCTTTCATCTGAGTGAGGTCATCTG

HNMT-L208H_fw

GACCTCACTCAGATGCACGACAACCTAGGGCTTAAG

HNMT-L208H_rev

CTTAAGCCCTAGGTTGTCGTGCATCTGAGTGAGGTC

Table S2: Average fraction of secondary structure elements of residues 200-212,
which constitute the L208 bearing -helix in the HNMT crystal structure, over the 25 ns
time span of the MD simulation. Average helix (H), coil (C), turn (T) content and standard
deviation from four MD simulations are given.
Wild-type

L208V

L208F

L208R

L208K

L208P

H

0.926 ± 0.005

0.894 ± 0.008

0.82 ± 0.028

0.774 ± 0.044

0.711 ± 0.085

0.719 ± 0.019

C

0.055 ± 0.001

0.079 ± 0.001

0.091 ± 0.007

0.125 ± 0.021

0.146 ± 0.027

0.129 ± 0.008

T

0.017 ± 0.005

0.025 ± 0.007

0.08 ± 0.023

0.086 ± 0.017

0.12 ± 0.043

0.128 ± 0.012
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Table S3: Selected average distances and RMSD values extracted from quadruplicate
MD simulations in this study are shown. Average distances of SAH sulfur to the
methylation target atom N2his and to the aliphatic nitrogen N of histamine Nhis are shown
and RMSD values of selected structural features defined by the residue numbers they
comprise, are given.
* RMSD values of the protein backbone.
Variant
WT1
WT2
WT3
WT4
L208V 1
L208V 2
L208V 3
L208V 4
L208F 1
L208F 2
L208F 3
L208F 4
L208R 1
L208R 2
L208R 3
L208R 4
L208K 1
L208K 2
L208K 3
L208K 4
L208P 1
L208P 2
L208P 3
L208P 4

Distance (Å) Distance (Å) Distance (Å)
RMSD*
RMSD*
RMSD*
SSAH - Nhis CHis12-CSer91 helix 200-212 loop 190-199 loop 144-148
SSAH - N2his
10.99 ± 2.1
6.16 ± 0.77
8.46 ± 2.93
7.07 ± 2.27
8.67 ± 1.36
7.07 ± 1.32
6.52 ± 1.78
10.84 ± 1.26
10.79 ± 1.31
9.3 ± 1.92
14.43 ± 0.99
11.14 ± 0.99
8.01 ± 1.53
5.93 ± 1.05
10.26 ± 1.8
11.27 ± 3.11
12.37 ± 2.34
6.91 ± 1.49
6.35 ± 1.32
5.93 ± 1.62
11.21 ± 2.78
7.97 ± 1.42
13.79 ± 1.49
12.87 ± 3.07

9.05 ± 1.26
9.34 ± 0.71
9.3 ± 1.46
8.87 ± 0.94
9.91 ± 1.91
10.32 ± 1.18
9.86 ± 1.54
9.89 ± 1.22
9.58 ± 0.98
9.46 ± 1.61
9.21 ± 0.75
12.13 ± 2.32
9.73 ± 1.5
9.32 ± 0.97
11.51 ± 1.51
12.24 ± 2.99
9.48 ± 1.26
7.58 ± 1.46
8.86 ± 1.02
8.74 ± 0.81
10.67 ± 1.8
11.12 ± 1.62
8.86 ± 3.37
9.9 ± 1.29

10.83 ± 1.16
9.64 ± 1.02
12.67 ± 2.35
8.86 ± 1.36
12.89 ± 1.76
13.96 ± 3.07
9.27 ± 1.29
10.33 ± 1.79
11.09 ± 0.95
7.17 ± 1.04
6.03 ± 0.79
11.84 ± 1.46
10.04 ± 1.62
8.3 ± 0.97
11.97 ± 1.57
14.75 ± 2.03
9.49 ± 1.72
9.24 ± 1.11
10.28 ± 2.42
9.76 ± 1.06
12.79 ± 2.13
12.79 ± 1.96
10.19 ± 1.88
9.61 ± 1.74
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0.43 ± 0.08
0.46 ± 0.08
0.44 ± 0.07
0.45 ± 0.07
0.42 ± 0.07
0.45 ± 0.07
0.46 ± 0.08
0.45 ± 0.06
0.63 ± 0.18
0.66 ± 0.15
0.68 ± 0.17
0.63 ± 0.21
0.77 ± 0.22
1.04 ± 0.31
0.75 ± 0.21
1.59 ± 0.22
1.23 ± 0.27
1.13 ± 0.28
0.95 ± 0.28
1.14 ± 0.29
0.74 ± 0.11
0.75 ± 0.13
0.8 ± 0.14
0.75 ± 0.1

1.02 ± 0.18
0.99 ± 0.12
0.94 ± 0.11
0.98 ± 0.11
1 ± 0.16
0.95 ± 0.14
1.25 ± 0.29
0.96 ± 0.16
1.2 ± 0.14
1.18 ± 0.21
1.13 ± 0.16
0.95 ± 0.13
0.98 ± 0.1
0.91 ± 0.1
1 ± 0.13
1.1 ± 0.19
0.95 ± 0.12
1.03 ± 0.16
0.94 ± 0.11
0.93 ± 0.12
1.1 ± 0.27
0.96 ± 0.16
1.02 ± 0.13
0.95 ± 0.1

0.4 ± 0.07
0.39 ± 0.06
0.38 ± 0.08
0.46 ± 0.08
0.4 ± 0.08
0.42 ± 0.08
0.45 ± 0.08
0.39 ± 0.07
0.42 ± 0.08
0.46 ± 0.07
0.43 ± 0.06
0.53 ± 0.21
0.38 ± 0.07
0.38 ± 0.07
0.43 ± 0.09
0.4 ± 0.09
0.38 ± 0.07
0.44 ± 0.11
0.4 ± 0.09
0.36 ± 0.07
0.39 ± 0.08
0.42 ± 0.07
0.46 ± 0.13
0.4 ± 0.07

CHAPTER 3
3. Biochemical characterization and kinetic
studies on a putative SAM-dependent
methyltransferase (METTL23)

3.1 Disruption of the methyltransferase-like 23 gene METTL23
causes mild autosomal recessive intellectual disability.
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Table 1. Primers

Primer

Sequence (5’ to 3’)

METTL23E2-F

GTAATGGATGCCAATGCCTG

METTL23E2-R

GCTCACAGACCTTACAAACTAGC

METTL23E3-F

CCAGTTACGATACATGGCCC

METTL23E3-R

AGACCACAATTGGACCTTGG

METTL23E4-F

TTCTTTGAACCAGAAGGTAAGC

METTL23E4-R

TCATGCCTTTTCTGTTTTGC

METTL23E5-F

TCTACCCTACCCATGCGATAC

METTL23E5-R

ACCATCTTCAGACCCACTGC

qRT-PCR

Q_Mettl23iso1-F

GGCCATCTTAGAGATTGGAGCT

qRT-PCR

Q_Mettl23iso2-F

CAGTTCTGCGCGTATTGGAGCT

qRT-PCR

Q_Mettl23-R

ATGTTAGTCCTACCACCTGCAG

Probe

Q-Mettl23

FAM-GTAATACTGTCAGACAGCTCAGAACTGCCTAMRA

Amplicon
Exon 2

Exon 3

Exon 4
Exon 5

Clinical information
Austrian Family (LFKK1)
They are toilet trained, can feed and dress and undress themselves and can help with
household chores. Due to lack of such establishments in their surrounding they stayed
some years far from home in different facilities for intellectual disabled individuals. Since
2006 all 4 affected sibs live in a sheltered accommodation for intellectual disabled
individuals in her hometown. Intellectual disability is mild as they understand everything,
including long sentences and have very simply reading, writing and math abilities. All 4
sibs show flatfeet and need orthopaedic insoles. The two girls present with a distinct
prominent maxilla, which is also present in one brother and the mother in a milder form.
Seizures are not reported. There is no microcephaly.
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Individual II:1 (female, born 1960, height 170 cm, weight 67.5 kg, head circumference 55
cm): after an uneventful pregnancy the girl was born at home. Milestones in development
were delayed. She shows on the one hand simple skills in literacy and numeracy and on the
other hand good fine motor skills (knitting and crochet). Clinical genetic examination
revealed a distinct prominent maxilla, which is also present in a mild form in her mother.
Additionally she shows a 7.0 mm difference in the length of her lower extremities. At the
age of 44/45 there are 3 hospitalizations reported (14, 19 and 14 days respectively). The
reason was a S1 radix lesion caused by a discus prolapse L5/S1 which was treated
conservatively. As she presented brisk reflexes at one of these hospitalizations a CT of the
cerebrum and an EEG were performed, which revealed normal results.

Individual II:2 (male, born 1962, height 185 cm; weight 62 kg, head circumference 55 cm):
after an uneventful pregnancy the boy was born at home with complications (a forceps
delivery was in discussion but not necessary). After birth he presented as a large cyanotic
newborn and showed an icterus neonatorum. Milestones in development were delayed. He
was able to walk with 3 years and incontinent until 6 years. At the age of 33 there is one
hospitalization for 11 days reported due to a putrid bronchitis, which was effectually
treated with Clarithromycin. He shows very simple skills in literacy and numeracy.
Clinical genetic examination revealed a laterocollis which is treated with horse riding and
massages.

Individual II:5 (male, born 1971, height 180cm, weight 64 kg, head circumference 58 cm):
after an uneventful pregnancy the boy was born in a local hospital. He was able to speak
single words with 1.5 years. As reported by his mother at this time he was hospitalized for
2 months due to a gastrointestinal infection. During his stay in the hospital he caught
measles and had high temperature (41°C). Cerebrospinal fluid was analysed without result.
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After this long hospitalization it took until the age of five years that speech came back. He
shows very simple skills in literacy and numeracy. Clinical genetic examination revealed a
mild form of a prominent maxilla as present in the mother.

Individual II:4 (female, born 1975, height 168 cm, weight 62.5 cm, head circumference 57
cm): after an uneventful pregnancy the girl was born in a local hospital. Milestones in
development were delayed. After playschool she visited a school for intellectual disabled
children. She shows very simple skills in literacy and numeracy. Clinical genetic
examination revealed a distinct prominent maxilla, which is also present in a mild form in
her mother.

MRI
Visual inspection blinded to clinical information of the scans blinded to clinical
information led to the suspicion of increased volume of the subcallosal grey matter in one
patient (PK31-II:2). On axial slices, this led to the impression of a decreased delineation
of the basal ganglia. These presumably structurally altered structures are commonly
attributed to the limbic system and thus phylogenetic old brain areas which are strongly
implicated in affect regulation and are in vicinity of other strategically important areas
such as the hypothalamus and mamillar bodies. While sulcal atrophy appeared to be
present in the 8-year old girl, in both cases we failed to detect the “molar tooth sign” or
vermal atrophy.
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CHAPTER 4
4. Biochemical characterization and kinetic
studies on N,N-8-demethyl-8-amino-Driboflavin dimethyltransferase (RosA)

4.1 Structural and kinetic studies on RosA, the enzyme
catalysing
the
methylation
of
8-demethyl-8-aminoD-riboflavin to the antibiotic roseoflavin
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CHAPTER 5
5. Appendix

List of abbreviations
5’-dA

5’-deoxyadenosyl 5’-radical

ADP

Adenosine diphosphate

AF

8-amino-8-demethyl-D-riboflavin

AFP

8-demethyl-8-amino-riboflavin-5’-phosphate

ATP

Adenosine triphosphate

BHMT

Betaine-homocysteine methyltransferase

CBS

Cystathionine β-synthase

COMT

Catechol O-methyltransferase

CNS

Central nervous system

CSE

Cystathionine -lyase

CH2THF

Methylenetetrahydrofolate

DAO

Diamine oxidase

dTMP

2’-Deoxythymidine-5’-monophosphate

dUMP

2’-Deoxyuridine-5’-monophosphate

HCD

Histidine decarboxylase

Hcy

Homocysteine

H2folate

Dihydrofolate

HNMT

Histamine N-methyltransferase

HO2C-RP

8-demethyl-8-carboxy-riboflavin-5’-phosphate

MAF

8-methylamino-8-demethyl-D-riboflavin

MAT

Methionine adenosyltransferase

MS

Methionine synthase

MTase

Methyltransferase

MTHF

5-methyl-tetrahydrofolate

MTHFR

Methylenetetrahydrofolate reductase

OHC-RP

8-demethyl-8-formyl-riboflavin-5’-phosphate (or CP1)

PLP

Pyridoxal 5'-phosphate

RoF

Roseoflavin, 8-dimethylamino-8-demethyl-D-riboflavin

RosA

N,N-8-amino-8-demethyl-D-riboflavin dimethyltransferase

RosB

8-demethyl-8-aminoriboflavin-5’-phosphate synthase

Rubisco

Ribulose-1,5-bisphosphate carboxylase

SAM

S-adenosylmethionine (AdoMet)

SAM-MTase

S-adenosylmethionine-dependent methyltransferase

SAH

S-adenosylhomocysteine

TSase

Thymidylate synthase
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