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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



a-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.



Kurzfassung

Methyltransferasen katalysieren wichtige Methylierungsprozesse im Metabolismus, wie
Z.B. Signallbertragungen, Protein/DNA  Reparaturmechanismen oder auch in
verschiedenen Biosynthesewegen. S-Adenosylmethionin  (SAM) ist hierbei der
vorwiegende biologische Methylgruppendonor fiir die zuvor genannten Reaktionen.
Polymorphismen bei wichtigen menschlichen genen, die fir SAM-abhangigen
Methyltransferasen kodieren wurde bereits mit verschiedenen Krankheiten in Verbindung
gebracht. SAM-abhé&ngige Methyltransferasen werden auf’erdem fiir industrielle Zwecke,
z.B. zur Herstellung von Antibiotika, verwendet. Der Fokus dieser Arbeit liegt auf der
funktionellen  und  strukturellen  Charakterisierung  zweier ~ SAM-abhéngiger
Methyltransferasen, deren Polymorphismus zu starken geistigen Beeintrachtigungen der
Betroffenen flihrt. Auflerdem wurde im Rahmen dieser Arbeit auch eine SAM-abhéngige

Methyltransferase in der Antibiotikabiosynthese genauer untersucht.

Histamin-N-Methyltransferase (HNMT) Kkatalysiert den Abbau von Histamin durch
Ubertragung 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 fir HNMT kodierenden menschlichen Gen
zu veranderten Proteinvarianten (G60D und L208P) und intellektuellen Beeintrachtigungen
der betroffenen Personen fiihren. Im Rahmen dieser Arbeit wurden biochemische und
strukturelle Untersuchungen sowohl am Wildtyp als auch den beiden Proteinvarianten
durchgefuhrt. Der Austausch von G60 zu D60 beeintréchtigt die SAM-Bindeeigenschaften
und die enzymatische Aktivitat der Proteinvariante, wahrend fur die L208P Variante eine
im Vergleich zum Wildtyp geringere Proteinstabilitat und ein Verlust der enzymatischen

Aktivitat festgestellt wurde.

METTL23 ist eine mutmaRBliche SAM-abhangige Methyltransferase bei der verkirzte
Proteinvarianten ebenfalls mit starker mentaler Beeintrachtigung in Verbindung gebracht
werden. Bei diesen verkirzten Proteinvarianten kommt es zu einer Stérung der
vorhergesagten katalytischnen Doméane und zu einer Anderung der Lokalisierung des
Proteins innerhalb der Zelle. Expressionsversuche zeigten eine starke Assoziierung von
METTL23 mit "Heat Shock" Proteinen. Dies konnte darauf hindeuten, dass Heat Shock
Proteine potentielle Substrate flr eine Methylierung durch METTL23 sind.



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 ahnelt der Struktur zuvor beschriebener SAM-abhangiger
Methyltransferasen. Die beiden Substrate AF und SAM binden unabhéngig voneinander in
ihren  jeweiligen Bindetaschen, was durch einen "Random-Order" ,Bi-Bi*
Reaktionsmechanismus bestéatigt werden konnte. AuRerdem wurden
Dissoziationskonstanten ~ fir ~ Substrate und  Produkte ~ mit  Isothermischer
Titratrationskalorimetrie  und UV/Vis Absorptions  Spektromtrie ermittelt und
Inhibierungsexperimente durchgefiihrt. Hierbei ergab sich, dass die beiden Produkte RoF
und S-Adenosylhomocystein (SAH) starker an RosA binden als die Substrate AF und
SAM, und RoF und SAH als kompetitive Inhibitoren wirken. Dieses Ergebnis deutet auf

eine mogliche Bedeutung von RosA fir 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.

NH,
0 CHj N— 2"y CH;, 0
$ </f\)l HiC_|
HO N o N SN N _
NH2 H3C (6]
OH OH
SAM Betaine
Os__OH
i ]\i/\”/
OH CH;
g g dﬂ I HiC_|
N
J\)ﬁ: j/\” e N on
5-Methyitetrahydrofolate Choline

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, vyielding 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 AG° for SAM
hydrolysis in the reaction of SAM + homocysteine (Hcy) - SAH + methionine (Met) is -
17 kcal/mol; in comparison the AG® for adenosine triphosphate (ATP) hydrolysis to
adenosine diphosphate and P; 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-methyl-
tetrahydrofolate (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 betaine-
homocysteine 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, al and a2 [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 al subunit found in two native
MAT isozymes, which are either a dimer of MAT IIlI or a tetramer of MAT I. While
MAT?2A encodes the a2 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



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].

Polyamines
Folic acid T Aminopropylation
pathway
\ Transmethylation dcSAM
DHF co
. pathway 2
Serine TR
B Methionine SAM decarboxylase
Glycine \
SHMT THF WiAT
SAM Methyl acceptor

5,10-methyleneTHF Meth | -
,10-methylene ioni
y BHMT ethionine cycle Methylated
VTHER Folate cycle SAH product
5-methyl-THF / SAHH
,,,,,,,,,,,,,,,,,,,,,,,,, Homocysteine 4~ ___
l CBS
Folate o Transsulfuration
Cystathionine
pathway
L CSE
Cysteine

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 B-synthase; CSE: cystathionine y-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
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tissues. MS is an enzyme in the folate cycle. It utilizes a methyl group provided from 5-
methyltetrahydrofolate  (methylTHF). This methyl donor is produced by
methylenetetranydrofolate reductase (MTHFR). In the remethylation, MS requires
methylcobalamin as its cofactor and this reaction is a part of folate and vitamin B
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 Bs-dependent cystathionine [-synthase (CBS). Consequently, vitamin Bs-
dependent cystathionine y-lyase (CSE) catalyzes the hydrolysis of cystathionine to cysteine
and a-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 Il and also down-regulates MAT Il 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 betaine-
homocysteine 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
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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].

+NH;
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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) 1-
aminocyclopropane-1-carboxylic acid (ACC) synthase, (e) acylhomoserine lactone
synthase (ACP: acyl carrier protein), (f) 3-(3-amino-3-carboxypropyl)uridine (Acp®U)
synthase, (g) SAM decarboxylase and spermidine synthase [39].



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-l 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 7-
deazaguanosine 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-deaza-

guanosine in tRNA-preQ1, following the rearrangement to the epoxy-carbocycle (tRNA-

0Q) [45].



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 a 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, N-
acylhomoserine 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 (acp®U) 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, RImN, 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.-).
10



Although several classes of methyltransferases are known, the great majority of
methylation reaction is catalyzed by S-adenosylmethionine methyltransferase (SAM-
MTase) [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, N6-
methyladenine (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, C5-
methyluridine, 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 stercoselective methylation of a-keto acids derived from glutamate, phenylalanine,
arginine, and tryptophan. An example of this stereoselective methylation catalyzed by
GImT yields (3R)-methyl-2-oxoglutaric acid, which is then transaminated by the branched
chain amino acid transaminase IIVE (SC0O5523) to produce (2S,3R)-methylglutamic acid, a

precursor in the biosynthesis of calcium-dependent antibiotics (Fig. 4) [60].

COSCoA COSCoA
AN AN
CCoAOMT
O-methylation
OH OCH;,
OH OH
Coffeoyl CoA Feruloyl CoA

N-methylation Asm10
Macrolactam precursor Ansamitocin
CO,H CO,H COzH
— GimT __IvE
C-methylation
COzH COzH CO,H
a-ketoglutarate (3R)-3-methyl-2-oxoglutarate (2S,3R)-3-methylglutamate

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
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selenocysteine to Se-methylselenocystein which is then metabolized to dimethyldiselenide
(CH3SeSeCHs, 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 Sy2 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 sp* of the methyl carbon of SAM [9].
In Fig. 5, an example is presented for the reaction mechanism of the NG6-adenine
methylation catalyzed by a DNA SAM-MTase, Rsrl [64]. The nucleophilic attack of N6-
adenine 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)

OH (AdoMet) OH (AdoHcy)
o NH, 0 NH,

+ O._ Adenine —_— O._ Adenine
S S

Pro e | Pro s /\Q
CH, OH OH OH OH

Pro 7 O.. - Pro & O..
"HO 2R O _Asp “H_ _CH, HO _Aspg
N N N N
O 0

N N
N~ N7
LY LY
N ’I‘ N ’T‘
Fig. 5: Proposed catalytic mechanism of N6-adenine methylation by DNA
methyltransferase, Rsrl [64].
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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 Sy2
transition state [9]. In contrast to O-, N-, and S-methylation, methyl transfer for C-
methylation 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 sp®-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 f
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 B strands and the SAM binding
pocket in a shallow groove on the surface ((b): the structure of MetH). (c) Class IlI: the
CbiF structure consists of the SAM binding pocket located between the two afa 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 |

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 B strands, B1-f7, and a helices, aZ and aA-aE) comprising a seven-
stranded B sheet with a central topological switch-point and a reversed B hairpin at the
carboxyl end of the sheet (6T 74 5T 4T 11T 27 37) (Fig. 6(a)) [66]. The seven-stranded p
sheet is flanked with six o helices which are located on either side of the B sheet, forming a
doubly wound open apa 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 B sheet. The
only difference between these two folds is the addition of the antiparallel B7 strand
between B5 and 6 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 B1 strand of the MTase fold (“the G loop”, exhibiting the motif GxGxGx or GxG),
an acidic residue at the carboxyl end of the B2 strand, and the loop (a hydrophobic
Val/lle/Leu motif) next to the B4 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 p1-B3
strands [1]. The three highly conserved regions, the G loop, the acidic residue at the
carboxyl end of the B2 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 B 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 3,5-
dinitrocatechol contains only the consensus MTase core and exhibits SAM- and substrate-
binding 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 3,5-
DNC, showing a 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 11

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/NADPH-

flavodoxin oxidoreductase in E. coli or methionine synthase reductase in humans [69].
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Fig 8: (a) The 3D-structure of complex of MetH, SAH, and cobalamin (Co(Il)Chbl);
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 B 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(ll) 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 111

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 o/ domains, each containing a
five stranded [ sheet flanked by four a 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 | SAM-MTase, a conserved GXGXG (GAGPG, residues 27-31) motif at the carboxyl
terminal end of B1 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 o/ knot superfamily) at the C-terminus, formed by the last
~30 residues and residues in the last o 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 B sheet sandwiched between two layer of
helices. Moreover, the SPOUT domain can be subdivided into the variable N-terminal
subdomain (Rossmanoidal o/ fold) and the conserved C-terminal trefoil knot [74].
Insertion of at least an o/B 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 f sheets from the two monomers are in a
‘perpendicular’ (TrmL) [75] or ‘antiparallel’ (TrmD) [76] mode (Fig. 10).

EcTrmL _ TrmD
‘perpendicular’ mode ‘antiparallel’mode

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: 10Y5) 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-1,5-
bisphosphate carboxylase (Rubisco) [79]. Four highly conserved motifs, which are SET
motif | (GxG), SET motif Il (YXG), SET motif 1ll (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 111), methyl transfer (the Tyr of motif 11), formation of the hydrophobic target
lysine-binding channel (the second half of motif 11l and motif 1V) [80]. Typically, SET-
domain methyltransferases contain a series of eight curved 3 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 I11 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 Il, 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 B-barrel
domain, and a dimerization domain [81]. The interface between the MTase and the B-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 | (a seven-stranded B 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 Sy2
displacement mechanism [9]. To complement the Sy2 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 B-TIM (triose phosphate isomerase) barrel fold consisting of eight a
helices alternating with eight 3 strands ((Ba)s-barrel), forming a barrel-like structure with
the 3 strands on the interior and the o helices proximal aligning on the protein surface [84].
The [4Fe-4S] cluster and the substrate-binding sites localize inside the full or partial B-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

RImN and Cfr from several organisms are the radical SAM-dependent methyltransferases
in class A. RImN 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
RImN and Cys105 and Cys338 in Cfr), which are the distinctive characters essential for
catalysis [85]. In addition, class A enyzmes catalyze methylation at sp>hybridized carbon
atoms. Studies of single-turnover reactions of RImN 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 RImN [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 RImN) by SAM through a
common Sy2 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 RImN) 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 RImN) 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 sp>-hybridized carbon atoms,
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but also sp>-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 2-
acetylamino-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 sp*-hybridized carbon is GenK. In Micromonspora echinospora, GenK is
expressed to respond to the methylation of C-6’ of gentamicin X5, an intermediate in the
biosynthesis of the aminoglycoside antibiotic gentamicin C1 [88,92]. Besides GenK, Fom3
methylates stereoselectively at the sp*-hybridized C2 of 2-hydroxyethylphosphonate to S-
2-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 RImN) 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(ll)alamin and the product G418. The second SAM is utilized
for reductive methylation of Cob(ll)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
sp?-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 RImN [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]. Tpdl, 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 1l oxidase (HemN), a radical SAM-
dependent enzyme that converts coproporphyrinogen |11 to protoporpyrinohen 1X, 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 (CH,THF) as the methyl donor and a
reductant [56,102]. Besides the production of dTMP, dihydrofolate (H.folate) is also a
product of TSase reaction. Hyfolate is subsequently reduced to tetrahydrofolate (Hsfolate)
by dihydrofolate reductase. Then Hyfolate is regenerated to CH,THF by serine
transhydroxymethylase [56].
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Fig. 13: Mechanism of thymidylate synthase
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The catalytic mechanism of TSase is shown in Fig. 13 [56]. After dUMP and CH,THF are
bound to the enzyme, the 5-membered imidazolidine ring of CH,THF 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
CH,THF 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 Hfolate and the
exocyclic methylene intermediate which is then reduced by hydride transfer to C6 of

H.folate, 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 a helices and ten [ strands connected with several
coiled segments. The interface between two subunits is formed by a six-stranded twisted B-
sheet. Each subunit has a deep active site cavity [104]. The ternary complex of TSase with
folate and 5-fluoro-2'-deoxyuridylate (FAUMP) 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 3-
hydroxyl 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 AI96 and the side-chain hydroxyl of Tyrl46 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-NH, 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 RImFO [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°Uss
and m>Usgg0, respectively. There is no sequence or structural homologues of these proteins
similar to the classic TSase [108]. Unlike TSase, using CH,THF as a methylene-moiety
donor and a reductant, the flavin-dependent thymidylate synthase and FAD/folate-
dependent RNA methyltransferases utilize the flavin cofactor (the reduced form, FADH,)

for providing hydride transfer and CH,THF 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 CH,THF, 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 Nb5-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 (Argl74, forming H-bonds with the C4
and C2 carbonyl of dUMP, ThyX from Thermotoga maritima) may act as a mediator for
methylene transfer from CH,THF to dUMP at C5-position [112]. However, the three
dimensional structure (Fig. 14) of ThyX with FAD, dUMP, and CH,THF [113] showed
that Argl74 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 CH,THF 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, CH,THF, and His53,
respectively (Fig. 14B), facilitating the CH,THF iminium ion in direct contact with dUMP
[113].

(B)

Fig. 14: (A) Schematic representation of the three-dimensional ThyX structure with FAD
(cyan), CH,THF (yellow), and dUMP (magenta) (pdb: 4GT9), including the emphasized
His53 residue in green sphere. Pale yellow spheres represent four other CH,THF, 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 CH,THF 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 [114-
117]. 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 5g35.5. In the rodent brain distribution of
H2R is widespread and in some area colocalization with H1R [129]. H2R couples to Gsa 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 20g13.333.
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 Ca®* [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 a-NH;
group of a-amino acids in several reactions catalyzed by racemases, amino transferases, a-
and PB-decarboxylases [147]. A single gene encoding HDC is located on chromosome
15921-22. 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].
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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: 4E10). (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 g-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 e-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 Ca of the intermediate
results in the formation of a carbanionic intermediate, which is stabilized by the extended n
system of the PLP pyridine ring [147]. Then, this Ca of the carbanionic intermediate is
broken by the attack of Lys305, resulting in the release of histamine and re-

transaldimination 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 (DAQ) [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 (DAQ)

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 (O,) 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
7036.1 [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 Cu®** 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: 3HI17) consisting of
2Cu®* ions, 4Ca”* 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 S-
adenosylmethionine (SAM), to the N atom of the imidazole ring, generating N-
methylhistamine 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 2g22.1, 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 B sheet (6T 74 5T 41 11T 27 37) flanked on each
side by three helices (0Z, oA, aB and aC, oD, aE). Whereas the small domain contains
three short B strands ({p8 TR7’ LB6’), two a helices and two single-turn 3y 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 N atom of GIn94. 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 water-
mediated 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 N atom of
histamine to the methyl group adjacent to SAM sulfonium ion (Sn2 reaction mechanism)
of SAM. The H-bond network between GInl143, a water molecule, and Glu28 assists
proton abstraction at N, 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
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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].
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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]. Steady-
state kinetics revealed that the apparent Michaelis constants (Ky) 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 ¢.179G>A) from the Turkish family resulting in a change of Gly60 to
aspartate (G60D) occurs in the conserved MTase region |, which is part of the SAM-
binding 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 ¢.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 A 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 B-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. 11e288 and 11e290 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 17g25.1 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/Kinl17, 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, a-unit), which functionally affects
the expression of GABP target genes, THPO (thrombopoietin) and ATP5B (ATP synthase,
H" transporting, mitochondria F1 complex, B-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 (GIn133* and
GIn94Hisfs*) (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 GIn133* and right; residue 1-98 GIn94Hisfs*) [187].

1.8 Roseoflavin  and N,N-8-amino-8-demethyl-D-riboflavin
dimethyltransferase (RosA)

1.8.1 Introduction to roseoflavin (RoF)

Riboflavin, vitamin B,, 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 B; analog) [197],
ginkgotoxin (a vitamin Bg analog) [198], and roseoflavin (a vitamin B, 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 By,
B, and Bg) 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 Gram-
positive 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 RoOFMN 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, RoOFMN 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 8-
methylamino-8-demethyl-D-riboflavin (MAF) [210,211]. The occurrence of the
intermediates AF and MAF was confirmed by the discovery of the first enzyme, SAM-
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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-">N] labeled RoF (all four N atoms labeled)
from the culture supernatant of S. davawensis after supplementation of [uniformly-">N]
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.
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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-demethyl-
8-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-8-
formyl-riboflavin-5’-phosphate (OHC-RP or CP1) and 8-demethyl-8-carboxy-riboflavin-
5’-phosphate (HO,C-RP) [200]. The full name of RosB is 8-demethyl-8-aminoriboflavin-
5’-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 HO,C-RP. The role of
thiamine is still unclear in the oxidation step of OHC-RP to HO,C-RP [200]. Synthesis of
the final product of RosB, AFP, needs transfer of an amino group from a donor to HO,C-
RP. In this case, glutamate acts as a putative amino donor to transfer an amino group to
HO,C-RP with elimination of CO, 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 N-
methyl, and O-methyltransferases. RosA shares low similarities to several characterized
N,N-dimethyltransferase e.g. ErmSF, TylIM1 and DesVI [212,214,215].

The three dimensional structure of RosA exhibits that the RosA protomer comprises two

domains, a mainly a-helical “orthogonal bundle domain” and a Rossmann-like domain
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(o/p twisted open-sheet) (Fig. 24). The orthogonal bundle has five a -helices and one
antiparallel B-sheet (residues 1-98). An interdomain part contains five helices (residues 99-
178), that connect the Rossmann motif with the orthogonal bundle. The Rossmann motif
(residues 179 to 353) comprises a seven-stranded B-sheet core consisting of five parallel
and two antiparallel B-strands, which are connected by two pairs of a-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 C-

terminal Rossmann domain (Fig. 24).
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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 Kkinetic 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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Abstract

Histamine (HA) acts as a neurotransmitter in the brain, which participates in the regulation of many biclogical processes including
inflammation, gastric acid secretion and neuromodulation. The enzyme histamine N-methyltransferase (HMMT) inactivates HA by
wransferring a methyl group from 5-adenosyl-L-methionine to HA, and is the only well-known pathway for termination of
neurotransmission actions of HA in mammalian central nervous system. We performed autozygosity mapping followed by
targeted exome sequencing and identified two homozygous HNMT alterations, p.Gly60Asp and p Leu208FPro, in patients affected
with nonsyndromic autosomal recessive intellectual disability from two unrelated consanguineous families of Turkish and
Kurdish ancestry, respectively. We verified the complete absence of a functional HMMT in patients using in vitro texicology assay.
Using mutant and wild-type DNA constructs as well as in silico protein modeling, we confirmed that p Gly60Asp disrupts the
enzymatic activity of the protein, and that p.Leu208Pro results in reduced protein stability, resulting in decreased HA inactivation.
Cur results highlight the importance of inclusion of HNMT for genetic testing of individuals presenting with intellectual disability.

Introduction

Intellectual disability (ID) is a neurodevelopmental disorder,
characterized by considerable limitation of intellectual function-
ing, adaptive behavior, or daily living skills, and with an onset
before 18 years of age. It is one of the most important challenges
in healthcare, with significant life-long socio-economic burden.
ID iz genetically heterogeneous and may result from chroma-
somal aberrations, or from either autosomal recessive (AR), auta-
somal dominant, ¥-linked or mitochondral mutations. With the
prevalence of ~1% of children worldwide (1), ID can be divided
inte two main groups: nonsyndromic (N5) 1D, where it might
present as the sale clinical feature, whereas in syndromic ID add-
itional clinical or dysmorphological features may also be present.
Chver the past few years, next-generation sequencing technologies
have led to the identification of a number of ID-associated genes,
emphasizing the considerable genetic heterogeneity of ID(2). Stud-
ies into the molecular basis of autosomal recessive forms of ID
[ARID} are lagging some way behind studies of X-linked 1D, in
part because the larger families needed for gene mapping are
rare in Morth American and European populations. However, a re-
cent review suggests that ARID is not rare, and in outhred popula-
tions as many as 13-24% of ID may be due to AR genes (2]
Histamine (HA), a biogenic amine, plays a key role in the regu-
lation of gastric acid secretion (3), and is a neurotransmitter in the
central nervous systern (CMS) (4). HA is produced and stored in
airway mast cells, basophils and in the synaptic vesicles of HAer-
gic neurons. In response to immune allergens, HA releases from
storage granules and rapidly diffuses into surrounding tissues.
Released HA is rapidly inactivated and disappears from the
bloodstream within minutes [reviewed in Schwartz et al. (4)].
Histamine N-methyltransferase (HMMT; MIM 605238) is a
cytoplasmic protein that belongs to the methyltransferase super-
family and is one of two enzymes invalved in the metabolism of
HA. N-methylation catalyzed by HNMT and oxidative deamin-
ation catalyzed by diamine oxidase (DAC; encoded by amino oxd-
dase, copper containing 1 (A0C1)) are the two major pathways for
HA biotransformation in mammals (5,6). HNMT catalyzes the
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methylation of HA in the presence of S-adenosylmethionine
[SAM), forming N-tele-methylhistamine (7,8). HNMT is widely ex-
pressed in human tissues; with the greatest expression in kidney
and liver, followed by spleen, colon, prostate, ovary, spinal cord
cells, bronchi and trachea. HMMT is the key enzyme for HA deg-
radation in the bronchial epithelium (3). Since DAO is not ex-
pressed in the CNS, N-methylation through HNMT is the main
pathway responsible for termination of the neurotransmitter ac-
tions of HA in the brain (4).

Here, we report the identification of HNMT as a novel gene re-
sponsible for ID and discuss the consequences of the identified
missense mutations on the protein function.

Results
Family A (Iranian family)

Ascertainment and dlinical evaluation

We ascertained a consanguineous family with Turkish back-
ground from the Avaj area within Qazvin province in Iran, in
which the first-cousin parents had nine children, four of them
were affected with N5 ID; two males and two females (Fig. 1).
The study was approved by the Research and Ethics Board of Qaz-
vin Medical University and appropriate written informed consent
was obtained from the parents. The affected family members were
assessed by an experenced neurclogist and standard clinical as-
sessment forms were used to document the findings. The clinical
descriptions of the patients are summarized in Table 1. The af-
fected fernales showed profound to severe ID and their speech
was limited to just a few words, whereas in affected males the con-
dition was milder. A mild degree of regression after about 5 years
of age was reported for affected members. The patients did not
have any neurological problems, autistic features, congenital mal-
formations or facial dysmorphisms. Body height, weight and head
circumference were normal in all patients. Wechsler Intelligence
Scales for Children (WISC) were used to assess the IQ in patients.
For patient IV, we performed a magnetic resonance imaging scan

which revealed no morphological brain abnormalities.
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Figure 1. Analysis of Family A (Iranian family): {A) Pedigree. Black-shaded symbols indicate affected individuals {(IV:1, [V:4, IV:6 and IV:9). (B) Photos of affected individuals:

from left to right: [V:1, IV:4, [V:6 and IV:9.

(C) Homozygosity mapping data analysis indicates peaks (LOD = 3.0) on chromosomes 2 and 13. (D) Electropherograms from

Sanger confirmation in family members showing NM_0068595.2 (HNMT): c.179G>A; p.Gly60Asp WT, heterozygous and homozygous sequence. (E) In silico modeling of
p.Leu208Pro within HNMT predicted protein structure for p.Gly60Asp WT and mutant using PDB file 2A0T and Pymol software. The red arrow indicates the location

of residue 60 within the protein.

Homozygosity-by-descent (HBD) mapping and mutation identification
HBD mapping led to the identification of a 14-Mb autozygous locus
on 2q21.3 (single-nucleotide polymorphisms, SNPs: rs1869825-
rs7573156), and a 3-Mb autozygous within region 13g33.1 (SNPs:
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rs1336666-r51475276) with a significant LOD (logarithm (base 10)
of odds) score of 3.13 (Fig. 1C). Additionally, existence of copy num-
ber variations (CNVs) exclusive to the affected individuals was also
ruled out. Exome target enrichment was performed within the
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linkage intervals by using a custom Agilent SureSelect array, fal-
lowed by sequencing 8.3 Gb of 101 bp paired-end reads using the
Mumina Genome Analyzer I platform with 100% coverage and
average depth of 202 reads. After filtering the variants with
dbSMP130, and 1000 Genome data, we annotated the remaining
mutations with the RefSeq gene model. Analysis of prospective
changes from the critical regions indicated DINA variants in
three genes: METTL21C [chr13:103346806C>C, NM_001010577.1:
C.43G=C; p.CGlys0Arg|, ZRANEZ [chr2:136107663T=C, NM_032143.
2 482A=G; p.Tyrl61Cys] and HNMT [chr2:138727776G=A; NM
OD6ESS 2:c.179G=A; p.GlyE0Asp] (coordinates used in hgld). The
evolutionary conservation of the relevant nucleotides, as defined
by the PhyloP44 score and the pathogenicity of these variants, as
predicted by PolyPhen? and SIFT were calculated (Table Z). Ana-
lysis with Condel—an integrated analysis that uses prediction
using five different algorithms, including PalyPhen2, SIFT and
Mutation Assessor (10), was also performed (Table 3). The co-
segregation pattern of the three variants was checked in the fam-
ily, and only the HNMT variant segregated correctly. The parents
of the patients were both heterozygous for the HNMT missense
variant, which was not found in either in a homozygous or
heterozygous form among 100 unrelated healthy Iranian and
200 Pakistani individuals.

We identified a potentially pathogenic missense mutation
[HNMT c 179G=A [p.Gly60Asp]) in HNMT (RefSeqNC_000002.11),
which encodes a two-domain protein; MTase, which is the larger
domain, is composed of a seven-stranded f-sheet and is mainly
responsible for interaction with cofactor (SAM) and substrate
[HA), and the 5 domain of HNMT, which may interact with other
proteins for its in vive funcon. The homozygous c179G=A
(p-Glys0Asp) variant occurs in the conserved MTase region 1
[Ne56-Glyed), which is part of the SAM-binding pocket (Fig. 3),
highlighting the role of Gly&0 in the interaction of HNMT with
its cofactor. The predicted 3D structure of HNMT appears to be
altered by the substitution (Fig. 1E). This variant was not present
in either dbSMP138, nor the Exome Variant Server, NHLEI GO
Exome Sequencing Project (ESF), Seattle, WA, USA (httpiiievs.
gawashington.edwEVSS, accessed January 2014), nor in 1000
Genomes (http:{browser. 1000genomes.org/index. html), but was
present in 2 of 125 604 alleles in the Exome Aggregation Consortium
database [ExAC; Cambridge, MaA, USA; httpfexac broadinstitute.
org; October 2014). Impaortantly, it was shown to be absent from a
panel of 200 ethnically matched control chromosomes, as well as
an in-house database of 521 exomes/genomes from unrelated indi-
viduals of Middle Eastern origin. The c.179G=A (p.Glye0Asp) muta-
tion showed complete segregation with the disease in all affected
family members; parents were heterozygous carriers and unaffect-
ed children available for genetic screening were either carriers or
did not harbor the mutation.

Aknown C-to-T SNF (rs11558538) in HWMT changes the amino
acid at position 105 from threonine to isoleucine, with the fre-
quencies of the Thrl05 and [le105 alleles being ~30 and 10%, re-
spectively. The Ile105 allele is correlated with diminished HMNMT
enzymatic activity, which could result in reduced HA inactivation
and increased sensitivity to this amine (11,12). We checked this
polymorphism in Family A and verified that Ile105 allele is not
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present in the patients.

Family B (Kurdizh family)

Agcertainment and clinical evaluation

We ascertained a three-generation consanguinecus Kurdish
family (G016), originally from Iraq, recruited in Germany. The
first-cousin parents had seven children, three of them presented

(MM 006895, 2)
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Table 1. Clinical and biome tric features for the Iranian family (Family A) and the Kurdish family (Family B)
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Table ?. Analysis of variants identified by targeted exome sequencing in the Iranian and Kurdish families (A and B, respectively)

Segregates with

Condel

PhyloP44

(Mean)

PROVEAN

PalyphenZ

SHP?

Gene (accesgion #) Variant

Family

phenotype, ¥/N

1 (deleterious)

0 (neutral)

3002

~0444

-6.303 (damaging)
0.52% (neutral)

—6.847 (dama ging)
-6,534 (damaging)

0003 (damaging)
0479 (tole mted)

1 (probably damaging)

0,002 (benign)

GlyBOAsp

Glyl5Arg

HNMT (MM _006895 2)
METTL21C {NM_001010977.1)

ZRANES (MM _032143.3)
HNMT [NM_0D6895 3)

Family A (Iranian)

N
M
Y

ra 390760

0,990 (deletericus)

1 [deleterious)

23268

2475

0001 [damaging)
0001 (damaging)

Tyri6lCys rs181335970 1 (probably damaging

Leul OBFro

1 {probably damaging)

Family B (Kurdiah)

Seores and predicted effect are indicated fram Palyphen, SIFT, FROVEAN, PhyloPd4 and Conedel (which i itself an inte gration af ive sepamate prediction algon thms).
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with NS ID; the pedigree is shown in Figure 2. The probands were
examined by experienced clinical geneticists who assessed their
physiral and mental status. The study was approved by the local
institutional ethics committee, and appropriate informed con-
sent was obtained from the parents. To exclude chromosomal ab-
normalities, karyotype analysis by G-banding was performed in
all affected individuals; karyotypes were found to be normal.
Clinical descriptions of the patients are summarized in Table 1.
On assessment, the 18-year-old boy ([11:1) showed severe ID. He
started to walk at 1 year of age. His speech was severely delayed
and he attended special school for intellectually disabled children.
His sister, [11:3, a 15-year-old, was also severely intellectually dis-
abled. She had a normal motor development, but active speech
started at the age of about 2 years and she attended, as with the
older brother, a special school for intellectually disabled children.
The younger affected male (1I1:4), age 13 years, was more delayed
than his older siblings. The mother reported that at birth the
child was thin and hypotonic. He began walking at 2% years. He
started to speak at 4-5 years of age. He presented with hyperactive
behavior. At the age of 12 years, he was diagnosed with myelodys-
plastic syndrome. The patients did not present with congenital
malformations or facial dysmorphisms. Physical measurements
are also reported in Table 1.

HBED mapping and mutation identification
Analysis of genotypes for the available individuals (11, 01:2, I11:3
and I:1) of family G016 revealed a large interval of autozygosity
on 2q21.2-q24.3. This 30 Mb interval was flanked by the heterozy-
gous SNPs, rel0928469 and re6705268. Four additional autozygous
loci were identified: a 3.4-Mb interval on 10g26 (rs11244548—
rs4751029), a 1.7-Mb HED on 11p12-p13 (rs672597-rs10836780), a
12 6-Mhb region on 11q22 3-q23 .3 (rs10895742-rs521609), and finally
an 8.5-Mb locus in 18912.1-q12.3 (rs1021598-r512971263; Fig. 2C).
We performed targeted next-generation sequencing by en-
richment of the exonic regions within the linkage intervals.
After fltering the variants, a single homozygous varant in
HNMT [chr2: 138771444 T=C; MM _006835 2:c 623T=C; p.Leul08Fra)
(coordinates used in hgld) was ranked as potentially pathogenic.
The mutation has not been reported in dbSNF 138, 1000 Genomes
or the NHLEI Exome Variant Server, and was absent in our in-
house databases of 521 exomes/genomes from unrelated indivi-
duals of Middle Eastern origin, but was presentin 1 of 126358 al-
leles in the ExAC datsbase. Direct Sanger sequencing analysis
was performed for all available family members, and deman-
strated co-segregation with the disease in the family according
to a recessive mode of inheritance. The predicted 3D structure
of HNMT does not appear to be significantly altered by the substi-
tution (Fig. 2E). The mutation affects a highly conserved amino
acid (Fig. 3) and, in line with this, the FhyloP score (13) was
found to be 4425, Grantham score 98 (14). In silico analyses with
SIFT, FolyPhen-2, ConDel and others all predicted the amino
acid substitution to be damaging (Table 2).

ID and ASD cohorts from outbred population

Cohorts of N=991 ID and N =1000 autism spectrum disorder
[ASD) subjects were screened using a poaled targeted sequencing
approach. No potentially damaging rare homozygous or com-
pound heterozygous variants were identified. A rare heterozy-
gous variant, NM_006895.2:c.430-1G=A; Chr2:138762701G=4,
which would potentially alter splicing of exon 5, was identified
in one ASD and one ID individual. This variant was not present in
the ExAC database (~65 000 exomes), nor in a database of 521 Mid-
dle Eastern exomes. Although potentially damaging heterozygous
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single-nucleotide variants (SNVs) and CNVs are reported else- variants are reported for HNMT in more than 40 individuals in
where for schizophrenia, bipolar disorder, ID and autism spectrum the ExAC control data, and thus, it seemns unlikely that heterozy-
disorder (Supplementary Material, Fig. S1), loss of function (LoF) gous LoF variants are associated with these disorders.
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Figure 3. Three-dimensional Protein structure and ClustalW'2 analysis: structures of HNMT (pdb 1jqd) at the catalytic domain for (A) GlyE0, (B) AspSO with HA in yellovw
and S-adenosyl homocysteine (SAH) in pink, and Glyg0 and Asp60 in light pink, and (C) ClustalW2 {(http/www.ebi.ac.uk/Tools/msa/cl lw2)

of HNMT acress vertebrate species showing conservation at Gly60Asp (highlighted in pink). Structures at the hydrophobic pocket around residue QCG (labeled pmk) for
(D) Leu208 and (E) Pro208. Leu1S5, Leu204, Leu211 and Leu213 were labeled in gray. le288 and 1e290 were labeled in yellow. Tyr215 and Gly212 were labeled in blue.
(F) ClustalW2 alignment of HNMT for the hydrophaobic pocket s ding Leu208, with Leu208 highlighted in pink, Leu15S, Leu204, Leu211 and Leu213 labeled in
gray, 1le288 and [1e290 labeled in yellow. Tyr215 and Gly212 labeled in blue. Sequences used for the HNMT alignment included human (NP_008826.1), mouse
(NP_536710.1), opossum (from N-SCAN and Genscan gene predictions, UCSC browser), chicken (NP_001264802.1), Xenopus laevis (NP_001080614.1), zebrafish
(NP_001003636.1), Tetraodon rigroviridis {(Q4SBYE.1), lancelet (Branchiastoma floridae: predicted from mRNA XM_002613263.1) and sea urchin {Strongylocentrotus purpuratus:

from mRNAs CX698504, CD312314 and CX689147).

In silico modeling of HNMT Leu208Pro predicts
functional impairment

To gain insights into the structural consequence of the p.Leu208-
Pro mutation in HMNT, we performed structure-based in silico
three-dimensional modeling of the mutant protein (Fig. 2E).
The non-conservative leucine to proline change at position 208
occurs in one of the six regions with an alpha helix conformation
(x-E) which flanks the seven-stranded fi-sheet within the MTase
fold (15). The analysis indicated that although the mutation is
not proximal to the catalytic site, the rigidity introduced by the
proline residue would likely alter the helical conformation, desta-
bilizing the protein and therefore affecting the enzymatic func-
tion. Proline is well known as an alpha helix breaker due to its
side chain and steric constraints. In fact, the hydrogen bonding
network and conformation of the helix would be disrupted by
the side chain forced into the space occupied by the helix
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backbone, and by the methyl group at the position normally oc-
cupied by an amide proton (16). We have quantified this effect by
performing in silico energy calculations with PoPMuSiC 2.1 and IMu-
tant 2.0 (17), which calculate stability changes upon mutation. In
both cases, the simulation revealed a decrease in stability, 3.73
and 2.09 kcal/mol, respectively. An additional analysis using
FoldX (18) revealed a more stark decrease in stability of 8.98 kcal/
mol. A leucine to proline substitution is causing the most destabil-
izing effect when all permutations are considered. Thus, we hy-
pothesize that the p.Leu208Pro mutant protein is either unstable
or the function is severely impaired.

Gly60Asp and Leu208Pro alterations do not affect
HNMT protein localization

To check if Gly60Asp and Leu208Pro changes disturb HNMT pro-
tein localization, COS-7 cells were transfected with mutant and
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wild-type (WT) HMMT constructs with GFP Tag. Visualization of
the fusion protein was performed using a confocal laser scanning
system (data not shown). HNMT-Gly60Asp HNMT-GFF, like WT, is
localized to the cytoplasm of the cells, suggesting that there is no
difference in cellular localization between mutant and WT form
of the HNMT protein. For Leu208Fro, the transformed cells appear
to show a punctuate distribution of HNMT-GFF, possibly indicative
of the formation of protein aggregates; however, consistent results
were not achieved (data not shown). We conclude that Glys0asp
does not impair the proper cellular localization of HMMT.

Patients’ lymphoblasts are considerably more
vulnerable to HA than the controls

We examined the vulnerability of patients’ lymphoblasts (avail-
able for Family A, but not Family B) to HA when compared with
lymphoblasts from unrelated healthy controls. Cells were first
treated with different concentrations of HA and then using the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl] tetrazolium bromide
[MTT) assay, the viability of cells was determined. Cells in both
groups were found to rapidly undergo cell death upon culture in
vitro after treating with high concentrations of HA (at 500 pM),
which is in line with findings suggesting that HA induces neutro-
phil apoptosis at the sites of allergic inflammation {19). While
control cells were able to survive at lower concentration of HA
(125 pMd), patients’ lymphoblast cells were still not tolerant to
the cytotoxc effects of HA, supporting our hypothesis that
HMNMT, as the defense mechanism against HA, is defective in
the patients [P-value, 1= 1077} (Fig, 4).

Mo significant difference in HA and N-tele-
methylhistamine levels between patients carrying
Glye0Asp variant and healthy unrelated controls

The primary goal of HA inactivation is its conversion to metabo-
lites that will not activate HA receptars, and this is achieved
either by methylation or by oxidation. HMMT catalyzes the trans-
fer of a methyl group from SAM to the secondary amino group of
the imidazole ring of HA, forming N-tele-methylhistamine.
Therefore, if HMMT is defective, we would expect to detect high
levels of HA and low levels of methylhistamine. We measured

012
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Figure 4. Cell viability using the MTT assay. Lymphoblast cells from 4 patients
from Family A& and 12 healthy unrelated controls were treated with 125 pM
concentration of HA for 2 h Reconstituted MTT in an amount equal to 10%
of the culture medium volume was added to the cells. The plate was read at
570 nen. Walues are mean 2 S0 for three independent experiments, and averaged
arross all the individuals per group.
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the HA and methylhistamine levels in patients' and contrals'
lymphaoblast cell lines using an ELISA assay. However, we could
not detect any significant difference between them (data not
shown).

Glye0Asp alteration does not affect HNMT expression
at the RNA and protein level

Toexamine whether the Cly60asp alteration disrupts the expres-
sion of HMMT, quantitative RT-PCR and western blatting analysis
were performed using patients’ and controls' lymphoblast cell
lines. We did not detect any significant difference in HNMT ex-
pression between patients and controls at bath the RNA and pro-
tein level (data not shown).

Glye0Asp variant affects thermal stability of HNMT
protein

Melting temperatures are the best descriptor of thermal stability.
A difference in the melting temperature corresponds to a dif-
ference in energy between the pair of proteins. As indicated in
Figure 5, glycine to aspartic acid replacement decreases the melt-
ing temperature of the HNMT protein from 62.3£ 1.7 to 583+ 1.1°C
for WT and the Gly60Asp variant, respectively, suggesting that
amino acid change at position 60 will lead to reduced thermal sta-
bility of HNMT.

Glye0Asp variant disturbs the affinity of HNMT protein
for binding to SAM

The dissociation constant (K4) is commenly used to describe the
affinity and binding property between a ligand and a protein, ie.
how tightly a ligand binds to a particular protein. Figure & pre-
sents the calorimetric titration of HNMT (WT) and the Gly60asp
variant with SAM by isothermal titration calorimetry. Figure 64
indirates the isothermal binding curve for the titration of 30 pa
HMMT (WT) with 0.42 mM SAM. The isothermal binding curve
(Fig. 6B) yields a K, of 492 + 2.0 um. Figure 6C demonstrates a sig-
nificant decrease in affinity of the Gly60Asp variant for SAM,
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Figure 5. Thermal stability of HNMT [WT) and HNMT [(GlyBlasp] using
Thermadluor®. The experiment was performed by mixing 5 ul of 1 mg'mL of
HHMT (WT) ar HMMT {Glyé0Asg] with 5 ul 200-fold diluted SYPRO Orange and a
buffer containing 50 msd Tris-HECl and 100 mes MaCl, pH £, in a 98-well RT-PCR
plate. Reaction mixtures were heated at 0.5°C/min from 20 to 95°C. A plot
between d{fluorescence)/dT versus temperature of HHMT [WT) (red line) and
HHMT (ClyEdAsg) (blus ling) is shown. A melting temperature of 6232 1.7 and
5E3+1.1°C for WT and the Glyi0Asp variant, respectively, was abtained.
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Figure G. Isothermal calarimetric ttration of HEMT [WT) and Glye0Asp variant
with SAM and HA. The experimeants for HNMT (WT) consisted of 20 consscutive
injections of 15 ul of 0.42 mud SAM into 30 s HMNT (WT) at 25°C. [A] The
released heats of injection after baseline correction by subtracting the heat of
the reference measurement. {B) Integrated data and data analysis using non-
linear least square ftting in Origin 7. The dissodation constant of HNMT (4T}
for SAM was 49.2 2 2.0 ps. {C) Released heats of 20 consecutive injections of
15 ul of 2 ma SAM into 30y HHMT (GhyG0Asp) at 25°C,

praviding another line of evidence for the effects of the amino
acid substitution at Glys0.

Glys0Asp variant significantly disrupts catalytic

activity of HNMT protein

The isothermal titration calorimetric (ITC) method was used to
assess the interaction between WT and Glye0Asp variant
HMMT with SAM. As indicated in Table 3, the Kw (substrate con-
centration at which the reaction rate is half its maximum
walue) of WT HNMT lies in the normal range of most enzymes.
However, this value was not measurable for Gly&0Asp variant
[Fig. 7). This can be explained by the failure of mutant HNMT
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Table 3. Apparent Ky, for HA from HNMT reaction
Enzyme K (181) Venae (0257 Fear (577)
HMMT (WFT) L4 +141 E21+016x 1077 8212016 107"

WT and GlyGlAsp HNMT constructs were used; however, anly results for WT are
given, as the catalytic activity of HNMT-Gly80A=p was tao low to record using the
WE-ITC systern (MicroCal, GE Healthoare).

ta bind with SAM due to the dramatic change of its substrate-
binding pocket.

Leu208Pro destahilizes HNMT

Attemnpts were made to generate the Pro208 varant of HNMT;
however, soluble protein was not detectable from the constructs,
suggesting that misfolding occurs, leading to rapid degradation
of the protein. Addition of N-terminal GST tag, or expression in
the presence of chaperones, was not successful, and the variant
protein was only detectable in the inclusion body fraction (data
not shown). Interestingly, constructs for additional variants at
Leu208 [Leu208Val, Leu208Fhe, Leu20BArg, Leu208Thr, Leul08Asp
and Leu208Asn) have also been generated in Escherichia coli, and
only substitutions with the first two (apolar) amino acids, valine
and phenylalanine, and to a much lower extent the polar, posi-
tively charged arginine (Le. 5 mg/20 g cells instead of 20 mg/20 g
cells), lead to soluble and active HNMT protein (P. Macheroux and
C. Tongsook, personal communication). For this reason, we were
unahble to parform parallel experimentation to the Gly60Asp mu-
tation for thermal stability, SAM-binding affinity and ITC mea-
surements, and would alse be a plausible explanation for the
punctate cellular distribution of Leu208Fro-HNMT-GFF.

Discussion

HA in adult brain acts as a neurotransmitter in several biological
processes. Moreover, it has been reported that, during the devel-
opment of the rat brain in the fetus, HA concentration reaches its
maximum level throughout the period where neuronal differen-
tiation takes place in several brain regions, suggesting that HA,
acting as a neurogenic factor, is an important modulator in the
developing brain (20,21). Even at very low concentrations, HA
has strong pharmacological activity (23). HA-induced apoptosis
is mediated by caspase activation and PEC-y signaling (23).
Therefore, synthesis, release and degradation of HA have to be
carefully regulated to avoid undesirable reactions. HaAergic
neurons synthesize substantial quantities of HA and store it in
special storage granula inside the cell (24). Basal plasma HA con-
centrations of 0.3-1.0 ng/ml are considered normal and exceed-
ing these HA levels give rise to concentration-dependent HA-
mediated symptoms (25). The level of HA in brain is slightly
lower than that of other biogenic amines; however, its turnover
is considerably faster and once released, it must be inactivated
within a few minutes (19). HNMT is the sole enzyme in the
CNS, inactivating the neurotransmitter actions of HA (26).

We identified two homozygous missense mutations in the
HNMT gene segregating with N5 ID in an Iranian family of Turkish
origin (Family A) and in a Kurdish family (Family B). For Family
A, the condition had a relatively similar pattern during the child-
hood of the patients, starting at around 5 years of age and grad-
ually worsening. Males were relatively mildly affected, but the
condition in females was profound. This could be at least in
part due to gender differences in neurotransmitter activity of
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Figure 7. Catalytic activity of HNMT (WT) and HMMT (GlyE0Asp) as determined by isothermal titration calorimetry. (&) Raw calorimetric data for the methylation of HA
catalyzed by HNMT (W T} using SAM a= a methyl group donor in 50 ma Tris-HC] buffer, pH 8.0, containing 100 mud MaCl at 25°C. The sxperiment was performed by
injection of 2 mM HA 2 plinjection; 20 injections). The cell contained 1 psd HNMT (W) and 100 g SAM. A Michaelis-Menten plot for methylation by HNMT (WT) is
shown in the inset of AL [B) Baw calorimetric data for the resction with the Ghyélasp variant [same conditions as for WT).

HA. [t has been reported that in certain areas of the brain, neura-
transmitter synthesis, content and metabolism are sexually
differentiated and under the influence of sex steroids in develop-
ment and adulthood (27,28). As mentioned above, once HA is
released in the brain, it would typically be cleared from the intra-
cellular space within a few minutes by HNMT. Therefore, mal-
functioning HMMT would be expected to result in a high
residual level of HA in the region. Using ELISA, we tested to see
if there is any difference in the level of HA between patients’
and controls' lymphoblast cell lines. However, no significant dif-
ference was detected. Since the alternative pathway of HA inactiva-
tion, Le. DAD is active in the lymphoid lineage (but not in the CNS),
therefore we measured HA level after blocking the DAC pathway
and again no difference was detected (data not shown). As dis-
cussed above, during rat embryonic development, HA concentra-
tion reaches its maximum level at embryo days 14-16 when
neuronal differentiation takes place and then steadily decreases
until birth, vielding the concentration present in the adult organ-
ism. This may explain why differences in the level of HA amaong
the patients' and controls’ lymphoblast cell lines were not detected.

HMMT has a two-domain structure—the MTase domain and
the 5 domain. The MTase domain primarily carries out cofactor
binding and probably catalysis, while both domains contribute
to HA binding (11,26). The Gly&0Asp variant occurs within the
conserved MTase region 1 (IleS6-Glye4), which is part of the
SAM-binding pocket, highlighting the role of Gly&0 in the inter-
action of HNMT with its cofactor. From our protein modeling ana-
lysis, we predict that the Glye0aAsp variant does not bind SAM.
Inspection of the active site also shows that the aspartate side
chain would interfere with the ribose ring of SAM, rationalizing
the lack of binding. Therefare, Glya0Asp does nat affect averall
protein stability, but compromises SAM in the active site of the
enzyme. This interpretation is fully supported by the results ob-
tained with the recombinant HNMT-Gly60Asp variant.

Leu208, as part of a very compact hydrophobic pocket, has
several contacts with the residues in the same e-helix, the adja-
cent a-helix and the two -strands. As a result, the leucine-to-
proline substitution has a disruptive effect on the hydrophobic
pocket, and it is likely that the substitution breaks the o-helix,
and this in turn disrupts the hydrophobic packing in this area
leading to exposure of hydrophobic residues, and thus favoring
misfolding and aggregation of the protein.

Expression studies of the GlyS0Asp variant revealed that the
mutation does not disrupt the expression of HNMT at either the
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mRBRMA or protein level, suggesting that HNMT malfunction is not
a result of reduced enzyme concentration. Mareover, ohservations
from protein localization studies of HNMT proved that Gly60Asp
and Leu208Fro variants do not disrupt the normal distribution of
protein throughout the cytoplasm of cell. Results from thermal sta-
bility, binding affinity and catalytic activity investigations of HNMT
WT and the Clya0Asp variant, and failed attempts to stabilize and
solubilize Leu208Fro, support the deleterious effects of these sub-
stitutions on HNMT function in these two ID families.

A short isoform of HNMT has also been reported that includes
the M-terminal 126 amino acids (Genbank ID: MM _001024075.1;
MP_001015%246.1 (QBIUSE)). The function of this iseform is un-
known. The mutation identified in Family & [Gly60Asp) would
potentially affect this as well as the long isoform, whereas the
mutation identified in Family B (Lew208Pro) would only impact
the longer isoform. Also, it is predicted that the Leu208Pro substi-
tution is extremely destabilizing for the protein. The effects of
different mutations on protein stability and function, as well as
on different isoforms, could account for different clinical aspects
and severities for the two families.

Decreased HA levels have been found in the brain of patients
with Alzheimer disease (AD) (29), including reduction in the
neuronal pool of hippocampus, hypothalamus and temporal cor-
tex of AD patients (30), but, in contradicting reports, increased Ha
levels in cerebrospinal fluid and brain tissue were demonstrated
(31,32). HA measurements per se may be, however, unreliable due
ta many confounding factors as, e.g. HA levels increase with post-
martem interval (30}, but may be valuable when accompanied by
determination of activity or levels of HA-related enzymes.

While we can postulate about the effect of these mutations on
levels of HA in the CNS, and possible detrimental effects on neu-
radevelopment, it cannot be ignored that a decrease in levels of
the catabalite and product of HNMT activity, N-tele-methylhista-
mine may also play an important role in the disease etiology in
these families. It has been suggested that there are HA/glutamate
functional interactions in the brain (33), and it has already been
shown that HA can potentiate NRZB-type N-methyl-p-aspartate
(NMDA) receptors in hippocampal neurons, and that M-tele-
methylhistamine also produces an equipotent enhancement of
MMDA currents (34). In addition, N-tele-methylhistamine has
been reported to be an agonist for fi; y-butyric acid (GABA) recep-
tars (35). HA has recently been reported to increase neural differ-
entiation to FOXF2 neurons in cultured cells (36). Mutation of the
FOXFZ gene has been reported as the cause of a rare speech/



language disorder (MIM 602081) (37). Given the potential for
N-tele-methylhistamine to act as an analog of HA, it would be in-
teresting to see whether it would have a similar effect, in which
case one could postulate that some of the deficits identified in the
patients reported here could be the result of such a mechanism.

Conclusion

In the current study, we have shown that mutations resulting in
HMMT LoF are associated with a NS form of ARID. We also con-
firmed that the p.Gly60Asp substitution results in complete loss
of HNMT enzymatic activity, resulting in reduced HA inactivation
and increased sensitivity to this amine. For p.Leu208Fro, al-
though the mutation does not lie in the catalytic region of the
pratein, the rigidity introduced by the proline residue would
most likely alter the helix conformation, destabilizing the protein
and therefore affecting protein stability and the substrate-binding
site.

Collectively, these indings indicate that HNMT plays an im-
portant role in human neurcdevelopment. Our results indicate
that HNMT should be included in genetic testing of individuals
presenting with [0 in consanguineous populations and, given esti-
mates of a role for AR genes in 13-24% of IDin non-consanguineous
populations (2), in outhbred populations.

Materials and Methods

This study was approved by the Research Ethics Committees of
the Qazvin University of Medical Sciences, Qazvin, Iran, Univer-
sity of Social Welfare and Rehabilitation Sciences, Tehran, Iran,
Max Flanck Institute of Molecular Genetics, Berlin, Germany,
the Centre for Addiction and Mental Health in Toronto, Canada,
and Queen's University, Kingston, Canada. Informed written
consent was obtained for all participating subjects.

Gene mapping

Family A (Iranian family)

Genomic DNA was extracted from peripheral blood leukocytes by
standard methods. We used the Affymetrix GeneChip Mapping
SNP 6.0 array (950K SNPs and 950 K CNV markers) to analyze
DNA samples of all affected individuals, parents and one healthy
sibling. Approximately 200 000 markers with good quality geno-
types (based on their array hybridization confidence score) were
selected for linkage analysis. Appropriate input files for the link-
age analysis programs Merlin (38) and Allegro (39) were generated
by ALOHOMORA software (40) with subsets of 300-500 markers in
a sliding window mode based on mapping information from
DeCode and Caucasian allele frequencies. Quality control checks
such as gender check and verifying the relationships between in-
dividuals within the family were performed (38). Mendelian in-
consistencies and unlikely genotypes were detected by the
PedCheck (41) and Merlin (38) programs, respectively, and they
were excluded from genotyping data prior to linkage analysis.
Parametric linkage analysis was carried out based on an AR
mode of inheritance, and assuming complete penetrance.

Family B {Kurdish family)

Genomic DNA was extracted from blood samples using standard
protocols. Genotyping (SNF analysis) was performed using the Af-
fymetrix 250k Genome-Wide Human SMP Ammay (Affymetrix, Santa
Clara, CA, USA) for available individuals. We used ALOHOMORA
software (40) for SNF array quality controls, as described previously
(¢Z). The program Merlin was applied for parametric multipoint
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linkage analysis, consistent with an AR mode of inheritance, a dis-
ease allele frequency of 107 and complete penetrance.

Exon enrichment and high-throughput sequencing

Custom-made Agilent SureSelect DMNA Capture Arrays (Agilent
Technologies, Inc., Santa Clara, CA, USA) were used for the en-
richment of exons from homozygous intervals, including, on
average, 60 bp of flanking sequences on either side of the exon.
Enriched exons were sequenced on an lumina Genome Analyz-
er I, generating 76-bp single reads with 58.9% coverage.

Sequence alignment, variant calling, annotation and
verification

Raw sequence reads were prescreened to remove low-guality
reads, and then aligned to the human reference genome (hg13,
GRCh37) with SOAP (version 2.20). Aligned and unaligned reads
were used to call the SNVs and Indels, respectively. Variant lists
were filtered against dbSNFP137, whole genomes from 185 healthy
individuals (1000 Genomes Project), and 200 exomes from Danish
individuals, and 6500 exomes present in the Exome Variant Ser-
ver (NHLBI GO Exome Sequencing Project, Seattle, Wi, USA; http
Wevs gs washington edwEVS/; 30 August 2013; v.0.0.21). In add-
ition, variants were compared with an in-house database con-
taining more than 521 exomes from individuals of Middle
Eastern origin. Variants were ranked as potential candidates as
previously described (43), using an improved version of Medical
Re-sequencing Analysis Pipeline (MERAF) (44). The OMIM catalog
(httpzfwarw.nebinlm.nih.gow/omim) and the Human Gene
Mutation Database (HGMD, httpufwww hgmd.org) were used
as a filter to identify all previously described pathogenic changes.
Sanger sequencing was used to confirm the co-segregation of the
final candidate variants in the family.

Targeted exome sequencing for HNMT

Minety-nine genes were included in the custom design: 64 for
known or suspected NS ARID genes, including HNMT; 4 for
known or suspected NS AR autism genes; 7 for known or sus-
pected NS X-linked ID or ASD genes; 7 genes for known syn-
dromic ARID, also reported in ASD cohorts and 17 known or
suspected N5 autosomal dominant ID or ASD genes. W= 1000
ASD and N=991 ID-unrelated individuals from an outbred
population (Canada) were included. Samples were measured
using the RNaseF assay by guantitative PCR, using VilA™7
Real-Time PCR (Life Technologies, Carlsbad, CA, USA), and
poaled at equimolar concentrations in pools of 20, Seven
pools were barcoded and run using the custom Ampliseq (Life
Technologies) primer pools on a single Proton F1v2 chip. Sam-
ples were analyzed using the lon Torrent software (Life
Technologies), and Bam files generated and runs visualized
using the Integrated Genome Viewer (Broad Institute: httpelf
www broadinstitute org/ige), and for the purpose of this study,
facusing just on HWMT coding regions.

Expression studies of HNMT

Quantitative reverse transcriptase-FCR

Primers were designed to amplify the coding sequence of the
HNMT gene. Coding sequence primers for f-Actin (ACTB) and
HFRT were used as an internzl reference for all the runs. Reverse
transcriptase (RT)-PCR was performed in quadruplicates using a
384-well optical plate, with a final reaction volume of 16 pl. Uni-
versal SYER Green PCR conditions were used, consisting of 95°C
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for 2 min and 30 s and 40 cycles at 95°C for 4 5 and 60°C for 20 5.
Each reaction contained 2 pl of cDMA in a 16-pl velume run in
3%4-well optical plates on a ViiA™7 (Life Technologies). For
each gene analyzed, all samples were run on one plate, to avoid
interplate variability, and in quadruplicate. Furthermore, each
plate contained H;O, RT-minus and RMA-minus as negative con-
trols. The C, for all reactions was calculated automatically by the
WViA™T (Life Technologies) software. Gene expression analysis
was caloulated using the comparative C; method.

‘Western blot analysis

Frotein samples from patients and controls were separated by
SDS5 page (4-20% Mini-PROTEAM TGX polyacrylamide gel, Bio-
Rad Laboratories, Hercules, CA, USA) and electrically transferred
to a nitrocellulose membrane (BioTrace NT nitrocellulose mem-
brane, PALL Life Sciences, Ann Arbor, MI, USA). The membrane
was blocked for 1 h using 5% skimmed milk in TBS-Tween, incu-
bated overnight with the primary rabbit anti-HNMT (1:1000,
Bethyl Laboratories, Inc., Montgomery, TX, USA) and then incu-
bated with the secondary antibody horseradish peroxidase-
conjugated donkey anti-rabbit IgG (1:1000, GE Healthcare UK
Limited, Little Chalfont, UE). The immunocblots were developed
by an enhanced chemiluminescence western blot detection
system (GE Healthcare).

Heterologous expression of WT HNMT, p.Glye0Asp
and p.Leu208Pro variants in E. coli

The open reading frames encoding the target proteins (WT
HMMT; p.CGly60Asp and p.Leu208Fro variants) were amplified by
FCR from the pcDNATM3.3-TOPO TA vector using primers
5-TCTCATATGATGGCATCTTCCATGAGGAGC-3 (sense strand)
and 5 -TCAGCGGCCCCTTAATGATGAT GATGATGATCTGCCTCA
ATCACTATCAAACTCAGA G-3' (anti-sense strand) using Fhusion
High-Fidelity DNA polymerase (Thermo Scientific, Waltham, MA,
UsA). The amplified genes were then cloned into the pET-21a
wector using the MNdel and Notl restriction sites for expression as
C-terminally hexa-histidine tagged proteins. Similarly, glutathi-
one 5-transferase (GST) fusions were generated by cloning the
open reading frames into pGEX-6p2 using the BamHI and Notl
restriction sites. Induction of expression of HNMT WT, and
Glye0asp, and Leu208Fro variants with C-terminal Hisé or N-
terminal GST tag was camied out at an 0Dge, ~1, by addition of
0.1 mm IFTG (final concentration). The culture was maintained
at 18°C for 14 h prior to harvest, resulting in a yield of 5 g of cell
paste per liter of cell culture.

Purification of HNMT WT and the Glys0Asp variant

Frozen cell paste (~20 g) was thawed and resuspended in lysis
buffer (S0mM Tris-HCI, pH 2.0 containing 100 mm NaCl,
10 mm imidazole, 1 mm DTT and 100 us PMSF). Cells were dis-
rupted by ultrasonication with 50% amplitude for 15 min.
After ultrasonication, the suspension was centrifuged at 18 000
rpm at 4°C for 1 h and the pellet was discarded. The clear crude
extract was filtered (0.22 pm) prior to loading onto a 5-ml Ni-
Sepharose™ High-Performance HisTrap™ HF column equili-
brated with lysis buffer. The column was washed with 100 ml
of 50 mu Tris-HCI buffer, pH 8.0, containing 100 mM MaCl and
20 mm imidazole. Elution of HNMT was initiated using 50 mn
Tris-HCI buffer, pH 8.0, containing 100 ma NaCl and 300 mm
imidazole. Fractions containing HNMT were pooled, concen-
trated using a Centricon YM10 and loaded onto a Superdex
200 prep grade column previously equilibrated with 50 mm
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Tris—HCl buffer, pH 8.0, containing 100 mM MaCl. Fractions con-
taining target protein were pooled and concentrated as before.
The purified protein was stored at —80°C.

Determination of melting temperature of HNMT (WT)
and the GlysDAsp wariant

To investigate the thermal stability of HNMT (WT) and the
Glye0Asp variant, the melting temperature was determined
using a fluorescence-based thermal shift assay. Experiments
were performed in a real-time PCR detection system (Bio-Rad)
with a 96-well plate in a FRET scan mode. In the experiments,
5 pl of 1 mg/ml HNMT (WT) or the Gly60Asp variant was mixed
with 5 pl of 200-fold diluted SYPRO Orange solution and 15 pl of
a buffer containing 50 mM Tris-HCI, pH 8.0 and 100 mi NaCl to
a final volume of 25 pl in a 96-well plate. Thermal unfolding of
the protein was monitored using a temperature gradient from
20 to 95°C, measuring fluorescence emission at 0.5°C increments
with a 60-s hold for signal stabilization. The melting temperature
of the protein was derived from the peak of the derivatives of the
experimental data.

Determination of dissociation constant (Ky) of HNMT
(WT) and Gly60Asp variant

Dissociation constants for binding of SAM and HA to HWMT (W)
and Gly60Asp variant were determined using the VP-ITC system
[MicroCal, GE Healtheare). Experiments were performed at 25°C
in 50 mu Tris-HCl buffer, pH 8.0, containing 100 mu NaCl All
solutions were degassed before measurements. Titration ex-
periments for SAM and HA were performed by using 20 injec-
tions of 15 pl of 0.42 mu SAM or 4 mae HA (duration time 2995
and spacing time 250 5) into the cell containing 30 pd HNMT
[WT). In the case of the Gly60Asp variant, 30 pM was titrated
with SAM (2 mu, 20 injection, 15 plfinjection, duration time
2995 and spacing time 250s) or HA (200 pM, 20 injection,
15 plfinjection, duration time 29.9 5 and spacing time 250 s). To
determine K, values of HNMT (WT) and Gly60Asp variant, one
set of sites fitting with Origin version 7.0 (MicroCal) for ITC
data analysis was used.

Determination of catalytic activity of HNMT
WT and Gly60Asp variant

Kinetic parameters for HNMT (WT) and the Gly&0Asp variant
were determined using the VP-ITC system (MicroCzl) at 25°C in
S50mu Tris-HCl buffer, pH 8.0, containing 100 mu NaCl in
multi-injection mode. All solutions were degassed before the
measurements. The HMMT analysis consisted of 20 injections
of 2 pl (duration time 4 5 and spacing time 250s5) of 2 mMm HA
into the cell containing 1 pM of HNMT (WT) or Glye0Asp variant
and 100 pM SAM. The experimental data were fitted with Origin
version 7.0 (MicroCal) for ITC data analysis to obtain kinetic
parameters.

In vitro toxicology assay

The cytotoxic effects of HA on patients' lymphoblast cells carry-
ing the p.Gly60Asp variation and lymphoblasts from unrelated
healthy controls were determined using the MTT assay. This
method measures the metabolic reduction of MTT to a colored
water-insoluble formazan salt by mitochondrial dehydro-
genases. Lymphaoblast cells were available for all four affected
individuals from Family A. For comparison, lymphoblast cell
lines from 12 unrelated unaffected individuals were selected,



and matched for age, gender and number of passages for the
cells. Cells for each line were seeded at 10000 cells per well in
S6-well plates (in triplicates for each ling) and cultured in
serum-free DMEM for 2 h. Cells were subsequently incubated
for 2h with 125 pM HA after which reconstituted MTT in an
amount equal to 10% of the culture medium volume was
added. After incubation of the plates at 37°C for 1h, the cells
were then washed with phosphate-buffered saline and the for-
mazan salts dissolved in 200 ml of dimethyl sulfoxide with gentle
shaking for 10 min at room temperature. The plates were read at
570 nm using a Tecan Spectra Fluor plate reader, and data were
averaged across replicates and across both the affected and un-
affected group.

HNMT protein localization

We generated two different sets of genetic constructs for HNMT
protein localization. RMNA was extracted from one of the patients’
(Farnily A) fibroblast cells, and then HNMT full-length cDMA
[CCDS2181.1) was PCR amplified and cloned into the peDNA3. 1/
CT-GFP-TOFD expression vector (Invitrogen, Carlsbad, CA, USA).
Using the 5" Site-Directed Mutagenesis Kit (Mew England Bio-
Labs, Ipswich, MA, USA), an A=G change was intraduced to the
HNMT mutant plasmid (c.179G=A) in order to generate the
HMMT WT construct. Subsequently, a T=Cchange was introduced
to the WT construct to generate a mutant HNMT construct for the
c.623T=C, (p.Leu208Fro) substitution. Thus, we generated three
constructs that are identical except for the mutation changes,
in order that we would be able to exclude any potential effects
of intervening SMPs, as it has been well documented that genetic
wariation among individuals can result in as much as 5-fold dif-
ferences in HNMT activity (20). Orientation of the inserts and cor-
rect sequences were finally confirmed by Sanger sequencing.
To examine the consequences of mutations on cellular localiza-
tion of the HNMT protein, we transiently transfected COS-7 cells
with 2 pg of purified constructs {p.Gly&0Asp, pLeu208Fro and WT)
with Polyfect (Qiagen, Germantown, MD, USA). Twenty-four h after
transfection, we visualized the HMMT-GFF fusion protein in trans-
fected cells using a Zeiss Axdoplan 2 imaging microscope (Carl Zeiss
AG, Oberkochen, Germany), equipped with the LSMS10 array con-
focal laser scanning system, and the Zeiss LSM510 version 3.2 SP2
software package.

Measurement of HA/methylhistamine levels in patients’
and controls’ lymphoblast cells’ by ELISA

Cell-free supernatants were used to measure the Ha and N-tele-
methylhistamine levels in patients” lymphoblast cell lines and
in a group of unrelated healthy controls using an ELISA assay,
performed according to the manufacturer’s instructions (GenWay
Biotech, Inc., San Diego, CA, USA) through a Fluoroskan Ascent
microplate reader (Thermo Scientific) at 450 nm. Standard re-
agents were employed to draw a calibration curve. The samples
0D values and the calibration curve were used to calculate the HA
and N-tele-methylhistamine concentrations in cases and controls.

Bicinformatic analysis of the HNMT protein

Frotein structure maodeling was conducted with the Phyre2 server
with the 30 structure image realized by JMOL. In addition, mu-
tant protein structures were modeled with the FoldX package
Version 3.0 Beta3 (18). Models were built based on the WT crystal
structure [PDB 2AOT (26); available in the Protein Data Bank FDE]
as the template using the BuildModel function after energy
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minimization of the WT structure using the RepairPDB function.
Figures were generated with PyMOL (The PyMOL Molecular
Graphics Systern, Version 1.5.0.1, Schrodinger, LLC).

Supplementary Material
Supplementary Material is available at HMG online.
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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, hgl9) the two homozygous missense mutations segregating with NS-
ARID 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:
/latgu.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 ***’. 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 N-
methyltransferase (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 wild-
type 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 -
strand, 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.

Keywords: isothermal titration calorimetry; molecular dynamics simulations;

neurotransmitter; protein stability; recombinant protein expression; S-adenosylmethionine;

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]. HIR, 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 histamine-
metabolizing 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 S-
adenosylmethionine (SAM), to the N, atom of the imidazole ring, generating N-
methylhistamine 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
2022.1, 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 Thrl105 by isoleucine was associated with
decreased enzyme activity, immunoreactive protein, and thermal stability [25]. Steady-
state kinetics revealed that the apparent Michaelis constants (Ky) 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 ¢.179G>A) from the Turkish family resulting in a change of Gly60 to
aspartate (G60D) occurs in the conserved MTase region |, which is part of the SAM-
binding 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 ¢.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 A 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 Sigma-
Aldrich, Merck, and Carl Roth GmbH & Co. KG. [Methyl-*H]-SAM and Ultima Gold
liquid scintillation cocktail were from PerkinElmer. Ni-Sepharose (prepacked HisTrap™
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, e = 15.4 mM™ cm™ [39]; and HNMT

(wild-type and L208 variants, based on amino acid sequence), e,g0 = 42.8 mM™ cm™.

Site-directed mutagenesis

Site-directed mutagenesis at position L208 was performed using QuickChange® Site-
Directed 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* (T7-

terminator) 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 pg/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
pg/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 B-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-HCI pH 8.0, 100 mM NaCl, 10 mM imidazole, 1 mM
DTT, 100 uM PMSF and supplemented with protease inhibitors (Roche complete EDTA-
free 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 um) and then applied onto a 5-mL Ni-Sepharose
HisTrap™ HP column (GE-Healthcare, Little Chalfont, UK) previously equilibrated with
50 mM Tris-HCI pH 8.0, 300 mM NaCl and 10 mM imidazole. The column was washed
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with 50 mM Tris-HCI buffer pH 8.0 containing 300 mM NaCl, 20 mM imidazole. HNMT
was eluted using 50 mM Tris-HCI 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-HCI 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-HCI buffer pH 8.0 and 150 mM NaCl) containing 0.1% tween-
20. 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 1gG, 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™ 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 pL of 1 mg/mL HNMT (wild-type or

L208 variants) were mixed with 5 pL of SYPRO Orange solution (200-fold dilution) and
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15 pL of a buffer containing 50 mM Tris-HCI pH 8.0 and 100 mM NacCl to a final volume
of 25 pL 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 (Kq) of HNMT (wild-type) and L208 variants

All of the experiments to investigate dissociation constants (K4) 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-HCI buffer pH 8.0 containing 100 mM NacCl at 25 °C. All solutions
were degassed before measurements. The HNMT (wild-type) solution (30 uM) was
injected with SAM (0.42 mM), SAH (0.38 mM), or histamine (4 mM) (20 injections, 15
pL/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 pL 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 uM HNMT (L208V and L208F). To determine the
Kq of L208R and L208K variants for SAM, SAH, and histamine, 20 uM of the HNMT
proteins were titrated with SAM (1 mM), SAH (0.8 mM), or 4 mM histamine (20
injections, 15 pL/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 pM HNMT:120-250 pM 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 pL/injection, duration time 29.9 s, spacing time 250 s). The Kq4
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.
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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->H]-
SAM was utilized and the methylation reaction was monitored by formation of the product,
[methyl-*H]-histamine [29,40,41]. The assay reaction in a 1.5 mL Eppendorf tube
contained 20 nM HNMT (wild-type or L208 variants), 40 uM unlabeled SAM, 40 uM
histamine, 0.158 pCi [methyl-*H]-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 pL. 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 pL of 1 M sodium
borate pH 11 after the reaction was incubated at 25 °C for 30 min. The product, [methyl-
3H]-histamine, was isolated from unincorporated [methyl-*H]-SAM in the reaction by
organic extraction by adding 1:1 toluene:isoamyl alcohol (1.25 mL). After vortexing and
centrifugation at 21100 xg for 1 min, 1 mL of the organic phase was transferred to a 1.5
mL Eppendorf tube and then mixed with 250 pL of 0.5 M HCI. The tube was again
vortexed and centrifuged to facilitate phase separation. 200 pL 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, Ky and ke, for SAM, histamine was fixed at saturating concentration of 40
UM and the concentration of SAM was varied in the range of 5-80 uM. In order to obtain
the respective kinetic parameters for histamine, SAM concentration was kept constant at
40 uM and histamine concentration was varied in the range of 1-20 uM. Data analysis to
obtain the kinetic parameters was performed by plotting the rate of [methyl-*H]-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 a-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 (Sigma-
Aldrich, 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 (AAG) 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 Thrl05 polymorphic variant of HNMT in complex with S-
adenosylhomocysteine (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 A margin in each dimension, was used with explicit
solvent. The AMBEROS3 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 A
[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 pK, 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

95


http://snpeffect.switchlab.org/

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 B-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 a-helix as well as the adjacent B-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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Gorila LKFFHSLLGTNAKMLEIVVSG TSDDETQOMLONEGLKMECYDL LFNNTLSF
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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: 1170, Y215, 1288, and 1290 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 1170, Y215, 1288, and 1290 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 (UniProtkKB
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 (AAG 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).
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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 size-
exclusion chromatography.

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

Wild-type L208V L208F L208R L208K
Step of
protein Tota-l % Tota-l % Tota-l % Tota-l % Tota-l %
A rotein rotein rotein rotein rotein
purification P yield " yield © yield " yield " yield
(mg) (mg) (mg) (mg)

Crude extract 1727 100 1305 100 1307 100 1243 100 3852 100

Ni-Sepharose 197 11 64 5 68 5 42 3 43 1
Superdex200 111 6 37 3 41 3 7 05 16 04
6)° 2)° 2)° (02)° (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 uM 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 pM,
respectively (Fig. 4 and Table 2).
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Fig. 3: Binding of SAM to HNMT (wild-type) and L208 variants. ITC experiments
were performed in 50 mM Tris-HCI 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), 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 uM,
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-HCI buffer, pH 8.0, containing 100 mM NacCl 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 uM, respectively.

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

Dissociation constants (Kg4, HM)

HNMT

Histamine
SAM SAH _
(in the presence of 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
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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 uM (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.
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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 Tris-
HCI buffer, pH 8.0, containing 100 mM NacCl 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 pL/injection) into the cell containing 20 UM 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 pL/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 pM. 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-*H]-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 Ky
values in a similar range as observed for the wild-type and a 3-times lower Kg,. The L208F
variant is clearly more affected exhibiting significantly higher Ky values and a 5.5-times
lower ke 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 (L) Kpistamine (M) Keat (57)
Wild-type 41+12 19207 0.61 % 0.08
L208V 6.8+16 11402 0.2320.01
L208F 124448 3.4+05 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-, *H].
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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-, ®H] 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 pCi SAM [methyl-, *H], 0.025%
bovine serum albumin, 1 mM EDTA, a fixed concentration of histamine (40 uM), and
various concentrations of SAM (5, 10, 20, 40, 80 uM). (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 uCi
SAM [methyl-, *H], 0.025% bovine serum albumin, 1 mM EDTA, a fixed concentration of
SAM (40 pM), and various concentrations of histamine (1, 2, 5, 10, 20 pM).
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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 (Ty,) 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 (T, °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+21 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 in-
silico 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 . .
Cstructure  WWHd-type Wild-type \vuiqoneS  1208V°  L208F®  L208R®  L208K®  L208P°
(CD) (PDB)
content
Helix 38 46 40+1 4241 4243 4343 4142 42+1
Sheet 17 26 22+1 24405 23+1 24+1 23+1 23+1
Turn 19 10 1541  13+2 12+3 13+1 15+2 13+l
Coil 27 17 22+2  19+1 21+2 19+2 2042 22+1
3-10 helix 1 1+1 241 242  1+1  1+1  1#1

" 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 N, 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 N, 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 N,,, as seen in trajectory analyses (Fig. 7, panel B), with distances down to
~3.2 A 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.
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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 N,
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 Ca of H12 and of Ca

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 a-helix’s RMSD values (Supplemental Table S2). Notably, the observed effects, a
decrease in a-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 N (Nenisy more remote from the SAH sulfur than the
nitrogen of the substrate’s aliphatic amino group Nyis (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 N, 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 Ssan - Npis 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 N¢, and aliphatic N of histamine to the sulfur of SAH

(Ssan) and their variance, determined from a set of four MD simulations.

SsaH = Ne2 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 114 2.2 10 14
L208R 8.9 24 10.7 14
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
a-helix E forms a hydrogen bond to Ser286 in the adjacent 3-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 a-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 a-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
B-strand as Ser 286, and may thus disturb the positioning of histamine by Asn283 in a

similar fashion.

~ S

SER 20!
SER 286 m
P R -

TYR 215 TYR215

ARG 208

Fig. 8: Cartoon showing the structural features that link the residue 208 bearing a-
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 N, 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
o-helix and this in turn disturbs side chain interactions with the adjacent B-strand that
contains Asn283. Thus amino acid replacements in position 208 exert a long-range effect
that propagates from a-helix E to the adjacent B-strand and eventually affects amino acids
directly involved in histamine binding. This scenario is supported by our observation that
the degree of a-helix destabilization and the loss of catalytic activity correlate. The
resulting disturbance of histamine binding can potentially impact both histamine affinity
(Kg) 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 B-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 B-strand 9 and the adjacent helix a8, 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 A 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].

Acknowledgements

This work was supported by a grant from the Austrian Science Foundation (FWF) to GS
and PM (Doctoral program ‘“Molecular Enzymology” W908) and the Austrian Academic
Service (OAD) through a Technology Grant Southeast Asia to CT

111



References

[1]
[2]
[3]
[4]

[5]
[6]
[7]

[8]
[9]
[10]

[11]
[12]
[13]
[14]

[15]

[16]

[17]

[18]

[19]

[20]

A. Falus, N. Grosman, Z. Darvas, Histamine: Biology and Medical Aspects,
SpringMed Publishing, Budapest, 2004.

L. Rosenwasser, New insights into the pathophysiology of allergic rhinitis, Allergy
Asthma Proc. 28 (2007) 10-15.

J. Loiselle, A. Wollin, Mucosal histamine elimination and its effect on acid secretion
in rabbit gastric mucosa, Gastroenterology 104 (1993) 1013-1020.

M. Zhang, R.L. Thurmond, P.J. Dunford, The histamine H(4) receptor: a novel
modulator of inflammatory and immune disorders, Pharmacol. Ther. 113 (2007) 594-
606.

J.C. Schwartz, J.M. Arrang, M. Garbarg, H. Pollard, M. Ruat, Histaminergic
transmission in the mammalian brain, Physiol. Rev. 71 (1991) 1-51.

L.B. Hough, Cellular localization and possible functions for brain histamine: recent
progress, Prog. Neurobiol. 30 (1988) 469-505.

H. Wada, N. Inagaki, A. Yamatodani, T. Watanabe, Is the histaminergic neuron
system a regulatory center for whole-brain activity? Trends Neurosci. 14 (1991) 415-
418.

A. Molina-Hernandez, N.F. Diaz, J.A. Arias-Montafio, Histamine in brain
development, J. Neurochem. 122 (2012) 872-882.

P. Panula, M. Lintunen, K. Karlstedt, Histamine in brain development and tumors,
Semin. Cancer Biol. 10 (2000) 11-14.

A. Molina-Hernandez, I. Velasco, Histamine induces neural stem cell proliferation
and neuronal differentiation by activation of distinct histamine receptors, J.
Neurochem. 106 (2008) 706-717.

L. Maintz, N. Novak, Histamine and histamine intolerance, Am. J. Clin. Nutr. 85
(2007) 1185-1196.

P.J. Barnes, Anti-IgE therapy in asthma: rationale and therapeutic potential, Int.
Arch. Allergy Immunol. 123 (2000) 196-204.

H. Haas, P. Panula, The role of histamine and the tuberomamillary nucleus in the
nervous system, Nat. Rev. Neurosci. 4 (2003) 121-130.

H.L. Haas, O.A. Sergeeva, O. Selbach, Histamine in the nervous system, Physiol.
Rev. 88 (2008) 1183-1241.

S.J. Hill, C.R. Ganellin, H. Timmerman, J.C. Schwartz, N.P. Shankley, J.M. Young,
W. Schunack, R. Levi, H.L. Haas, International union of pharmacology. XIII.
Classification of histamine receptors, Pharmacol. Rev. 49 (1997) 253-278.

I.J. de Esch, R.L. Thurmond, A. Jongejan, R. Leurs, The histamine H4 receptors as a
new therapeutic target for inflammation, Trends Pharmacol. Sci. 26 (2005) 462-4609.
C. Maslinski, W.A. Fogel, Catabolism of histamine, in: B. Uvnas (ed.), Handbook of
experimental pharmacology, Vol 97, Histamine and histamine antagonists, Springer,
Berlin- Heidelberg, 1991, pp. 165-189.

H.G. Schwelberger, F. Ahrens, W.A. Fogel, F. Sanchez-Jiménez, Chapter 3:
Histamine metabolism, in H. Stark (ed.), Histamine H, receptor: a novel drug target
for immunoregulation and inflammation, Versita, London, 2013, pp 63-102.

M.A. Beaven, Histamine: its role in physiological and pathological processes,
Monogr. Allergy 13 (1978) 1-113.

S. Okinaga, T. Ohrui, H. Nakazawa, K. Yamauchi, E. Sakurai, T. Watanabe, K.
Sekizawa, H. Sasaki, The role of HMT (histamine N-methyltransferase) in airways: a
review, Methods Find. Exp. Clin. Pharmacol. 17 (Suppl C) (1995) 16-20.

112



[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

G.L. Chen, B. Zhu, W.P. Nie, Z.H. Xu, Z.R. Tan, G. Zhou, J. Liu, W. Wang, H.H.
Zhou, Single nucleotide polymorphisms and haplotypes of histamine N-
methyltransferase in patients with gastric ulcer, Inflamm. Res. 53 (2004) 484-488.
W.P. Burkard, K.F. Gey, A. Pletscher, Diamine oxidase in the brain of vertebrates, J.
Neurochem. 10 (1963) 183-186.

D.D. Brown, R. Tomchick, J. Axelrod, The distribution and properties of a
histamine-methylating enzyme, J. Biol. Chem. 234 (1959) 2948-2950.

K.M. Lindahl, The histamine methylating enzyme system in liver, Acta. Physiol.
Scand. 49 (1960) 119-138.

C.V. Preuss, T.C. Wood, C.L. Szumlanski, R.B. Raftogianis, D.M. Otterness, B.
Girard, M.C. Scott, R.M. Weinshilboum, Human histamine N-methyltransferase
pharmacogenetics: common genetic polymorphisms that alter activity, Mol.
Pharmacol. 53 (1998) 708-717.

B. Girard, D.M. Otterness, T.C. Wood, R. Honchel, E.D. Wieben, R.M.
Weinshilboum, Human histamine N-methyltransferase pharmacogenetics: cloning
and expression of kidney cDNA, Mol. Pharmacol. 45 (1994) 461-468.

K. Yamauchi, K. Sekizawa, H. Suzuki, H. Nakazawa, Y. Ohkawara, D. Katayose, H.
Ohtsu, G. Tamura, S. Shibahara, M. Takemura, et al. Structure and function of
human histamine N-methyltransferase: critical enzyme in histamine metabolism in
airway, Am. J. Physiol. 267 (1994) L342-349.

S. Aksoy, R. Raftogianis, R.M. Weinshilboum, Human histamine N-
methyltransferase gene: structural characterization and chromosomal localization,
Biochem. Biophys. Res. Commun. 219 (1996) 548-554.

J.R. Horton, K. Sawada, M. Nishibori, X. Zhang, X. Cheng, Two polymorphic forms
of human methyltransferase: structure, thermal, and kinetic comparisons, Structure 9
(2001) 837-849.

J.R. Horton, K. Sawada, M. Nishibori, X. Cheng, Structure basis for inhibition of
histamine N-methyltransferase by diverse drugs, J. Mol. Biol. 353 (2005) 334-344.

K. Rutherford, W.W. Parson, V. Daggett, The histamine N-methyltransferase T105I
polymorphism affects active site structure and dynamics, Biochemistry 47 (2008)
893-901.

L. Yan, R.E. Galinsky, J.A. Bernstein, S.B. Liggett, R.M. Weinshilboum, Histamine
N-methyltransferase pharmacogenetics: association of a common functional
polymorphism with asthma, Pharmacogenetics 10 (2000) 261-266.

E. Garcia-Martin, J. Garcia-Menaya, B., Sanchez, C. Martinez, R. Rosendo, J.A.G.
Agundez, Polymorphisms of histamine-metabolizing enzymes and clinical
manifestations of asthma and allergic rhinitis, Clin. Exp. Allergy 37 (2007) 1175-
1182.

M.C. Ledesma, E. Garcia-Martin, H. Alonso-Navarro, C. Martinez, F.J. Jiménez-
Jiménez, J. Benito-Leo6n, |. Puertas, L. Rubio, T. Ldpez-Alburquerque, J.A.G.
Agundez, The nonsynonymous Thr105lle polymorphism of the histamine N-
methyltransferase is associated to the risk of developing essential tremor, Neuromol.
Med. 10 (2008) 356-361.

V. Palada, J. Terzi¢, J. Mazzulli, G. Bwala, J. Hagenah, B. Peterlin, A.Y. Hung, C.
Klein, D. Krainc, Histamine N-methyltransferase Thr105lle polymorphism is
associated with Parkinson’s disease, Neurobiol. Aging 33 (2012) 836.e1-836.€3.

L. Kaufman, M. Ayub, J.B. Vincent, The genetic basic of non-syndromic intellectual
disability: a review, J. Neurodevelop. Disord. 2 (2000) 182-209.

P.K. Maulik, M.N. Mascarenhas, C.D. Mathers, T. Dua, S. Saxena, Prevalence of
intellectual disability: a meta-analysis of population based studies, Res. Dev. Disabil.
32 (2011) 419-436.

113



[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]
[51]

[52]

[53]

A. Heidari, C. Tongsook, R. Najafipour, L. Musante, N. Vasli, M. Garshasbi, H. Hu,
K. Mittal, A.J. McNaughton, K. Sritharan, M. Hudson, H. Stehr, S. Talebi, M.
Moradi, H. Darvish, M. Arshad Rafig, H. Mozhdehipanah, A. Rashidinejad, S.
Samiei, M. Ghadami, C. Windpassinger, G. Gillessen-Kaesbach, A. Tzschach, I.
Ahmed, A. Mikhailov, D.J. Stavropoulos, M.T. Carter, S. Keshavarz, M. Ayub, H.
Najmabadi, X. Liu, H.H. Ropers, P. Macheroux, J.B. Vincent, Mutations in the
histamine N-methyltransferase gene, HNMT, are associated with nonsyndromic
autosomal recessive intellectual disability, Hum. Mol. Genet. 24 (2015) 5697-5710.
S.K. Shapiro, D.J. Ehninger, Methods for the analysis and preparation of
adenosylmethionine and adenosylhomocysteine, Anal. Biochem. 15 (1966) 323-333.
K.M. Verburg, R.R. Bowsher, D.P. Henry, A new radioenzymatic assay for
histamine using purified histamine N-methyltransferase, Life Sci. 32 (1983) 2855—
2867.

R.R. Bowsher, K.M. Verburg, D.P. Henry, Rat histamine N-methyltransferase.
Quantification, tissue distribution, purification, and immunologic properties, J. Biol.
Chem. 258 (1983) 12215-12220.

L. Whitmore, B.A. Wallace, Protein secondary structure analyses from circular
dichroism spectroscopy: methods and reference databases, Biopolymers 89 (2008)
392-400.

L. Whitmore, B.A. Wallace, DICHROWERB, an online server for protein secondary
structure analyses from circular dichroism spectroscopic data, Nucleic Acids Res. 32
(2004) W668-W673.

W.D. Lienhart, V. Gudipati, M.K. Uhl, A. Binter, S.A. Pulido, R. Saf, K. Zangger, K.
Gruber, P. Macheroux, Collapse of the native structure caused by a single amino acid
exchange in human NAD(P)H:quinone oxidoreductase, FEBS J. 281 (2014) 4691-
4704.

R.L. Gundry, M.Y. White, C.I. Murray, L.A. Kane, Q. Fu, B.A. Stanley, J.E. Van
Eyk, Preparation of proteins and peptides for mass spectrometry analysis in a bottom-
up proteomics workflow, Curr. Protoc. Mol. Biol. Chapter 10 (2009) Unit10.25.

G. De Baerts, J. Van Durme, J. Reumers, S. Maurer-Stroh, P. Vanhee, J. Dopazo, J.
Schymkowitz, F. Rousseau, SNPeffect 4.0: on-line prediction of molecular and
structural effects of protein-coding variants, Nucleic Acids Res. 40 (2012) D935-
D9309.

J. Schymkowitz, J. Borg, F. Stricher, R. Nys, F. Rousseau, L. Serrano, The FoldX
web server: an online force field, Nucleic Acids Res. 33 (2005) W382-\W388.

V. Parthiban, M.M. Gromiha, D. Schomburg, CUPSAT: prediction of protein
stability upon point mutations, Nucleic Acids Res. 34 (suppl 2) (2006) W239-W242.
G. de la Haba, G.A. Jamieson, S.H. Mudd, H.H. Richards, S-adenosylmethionine: the
relation of configuration at the sulfonium center to enzymatic reactivity, J. Am.
Chem. Soc. 81 (1959) 3975-3980.

YASARA (13.9.8); YASARA Biosciences GmbH, Vienna, Austria, 2012

J. Wang, P. Cieplak, P.A. Kollman, How well does a Restrained Electrostatic
Potential (RESP) model perform in calculating conformational energies of organic
and biological molecules? J. Comput. Chem. 21 (2000) 1049-1074.

W.D. Cornell, P. Cieplak, C.I. Bayly, I.R. Gould, K.M. Jr. Merz, D.M. Ferguson,
D.C. Spellmeyer, T. Fox, J.W. Caldwell, P.A. Kollman, A second generation force
field for the simulation of proteins, nucleic Acids, and organic molecules, J. Am.
Chem. Soc. 117 (1995) 5179-5197.

U. Essman, L. Perera, M.L. Berkowitz, T. Darden, H. Lee, L.G. Pedersen, A smooth
particle mesh Ewald method, J. Chem. Phys. 103 (1995) 8577—-8593.

114



[54]

[55]

[56]
[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

A. Jakalian, D.B. Jack, C.I. Bayly, Fast, efficient generation of high-quality atomic
charges. AM1-BCC model: Il. Parameterization and validation, Comput. Chem. 23
(2002) 1623-1641.

M.F. Guest, 1.J. Bush, H.J.J. van Dam, P. Sherwood, J.M.H. Thomas, J.H. van
Lenthe, R.W.A. Havenith, J. Kendrick, The GAMESS-UK electronic structure
package: algorithms, developments and applications, Mol. Phys. 103 (2005) 719-747.
R.W. Hooft, G. Vriend, C. Sander, E.E. Abola, Errors in protein structures, Nature
1996 381, 272.

E. Krieger, J.E. Nielsen, C.A. Spronk, G. J. Vriend, Fast empirical pKa prediction by
Ewald summation, Mol. Graph. Model 25 (2006) 481-486.

R.D. King, M.J. Sternberg, Identification and application of the concepts important
for accurate and reliable protein secondary structure and prediction, Protein Sci. 5
(1996) 2298-2310.

H.L. Tai, M.Y. Fessing, E.J. Bonten, Y. Yanishevsky, A. d'Azzo, E.Y. Krynetski,
W.E. Evans, Enhanced proteasomal degradation of mutant human thiopurine S-
methyltransferase (TPMT) in mammalian cells: mechanism for TPMT protein
deficiency inherited by TPMT*2, TPMT*3A, TPMT*3B or TPMT*3C,
Pharmacogenetics 9 (1999) 641-650.

L. Wang, T.V. Nguyen, R.W. McLaughlin, L.A. Sikkink, M. Ramirez-Alvarado,
R.M. Weinshilboum, Human thiopurine S-methyltransferase pharmacogenetics:
variant allozyme misfolding and aggresome formation, Proc. Natl Acad. Sci. USA
102 (2005) 9394-9399.

H. Wu, J.R. Horton, K. Battaile, A. Allali-Hassani, F. Martin, H. Zeng, P. Loppnau,
M. Vedadi, A. Bochkarev, A.N. Plotnikov, X. Cheng, Structural basis of allele
variation of human thiopurine-S-methyltransferase, Proteins 67 (2007) 198-208.

K. Rutherford, V. Daggett, Four human thiopurine S-methyltransferase alleles
severely affect protein structure and dynamics, J. Mol. Biol. 379 (2008) 803-814.

K. Rutherford, B.J. Bennion, W.W. Parson, V. Daggett, The 108M polymorph of
human catechol O-methyltransferase is prone to deformation at physiological
temperatures, Biochemistry, 45 (2006) 2178-2188.

K. Rutherford, V. Daggett, Polymorphisms and disease: hotspots of inactivation in
methyltransferases, Trends Biochem. Sci. 35 (2010) 531-538.

115



Supplementary information
for

Leucine 208 in human histamine N-methyltransferase emerges as a hotspot
for protein stability rationalizing the role of the L208P variant in intellectual
disability

Chanakan Tongsook®, Johannes Niederhauser®, Elena Kronegger®, Grit Straganz®,
and Peter Macheroux®

From the ®Institute of Biochemistry, Graz University of Technology, Graz, Austria

Running title: Histamine N-methyltransferase

116



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

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 (a-helix), red (B-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

Primer

Nucleotide Sequence (5’-3°)

HNMT-L208V_fw
HNMT-L208V_rev
HNMT-L208F_fw

HNMT-L208F_rev
HNMT-L208T_fw

HNMT-L208T rev
HNMT-L208N_fw
HNMT-L208N_rev
HNMT-L208R_fw

HNMT-L208R_rev
HNMT-L208D_fw
HNMT-L208D_rev

GACCTCACTCAGATGGTGGACAACCTAGGGCTTAAG
CTTAAGCCCTAGGTTGTCCACCATCTGAGTGAGGTC
GATGACCTCACTCAGATGTTCGACAACCTAGGGCTTAAG
CTTAAGCCCTAGGTTGTCGAACATCTGAGTGAGGTCATC
GACCTCACTCAGATGACCGACAACCTAGGGCTTAAG
CTTAAGCCCTAGGTTGTCGGTCATCTGAGTGAGGTC
GATGACCTCACTCAGATGAACGACAACCTAGGGCTTAAG
CTTAAGCCCTAGGTTGTCGTTCATCTGAGTGAGGTCATC
GACCTCACTCAGATGCGTGACAACCTAGGGCTTAAG
CTTAAGCCCTAGGTTGTCACGCATCTGAGTGAGGTC
GATGACCTCACTCAGATGGATGACAACCTAGGGCTTAAG
CTTAAGCCCTAGGTTGTCATCCATCTGAGTGAGGTCATC

HNMT-L208K_fw
HNMT-L208K_rev
HNMT-L208H_fw
HNMT-L208H_rev

CAGATGACCTCACTCAGATGAAAGACAACCTAGGGCTTAAG
CTTAAGCCCTAGGTTGTCTTTCATCTGAGTGAGGTCATCTG
GACCTCACTCAGATGCACGACAACCTAGGGCTTAAG
CTTAAGCCCTAGGTTGTCGTGCATCTGAGTGAGGTC

Table S2: Average fraction of secondary structure elements of residues 200-212,
which constitute the L208 bearing a-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
0.926 £0.005 | 0.894+0.008 | 0.82+0.028 | 0.774+0.044 | 0.711+0.085 | 0.719+0.019
0.055+0.001 | 0.079+0.001 | 0.091+0.007 | 0.125+0.021 | 0.146 +0.027 | 0.129 +0.008
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 Ngonis and to the aliphatic nitrogen N of histamine Np;s 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 | Distance (A) |Distance (A) | Distance (A) | RrMsD* RMSD* RMSD*
Seari - Noois | Ssart - Niis | Comisia-Catseror | helix 200-212 | loop 190-199 | loop 144-148
WT1 10.99+21 | 9.05+1.26 | 10.83+1.16 | 0.43+0.08 | 1.02+0.18 | 0.4+0.07
WT2 6.16+0.77 | 9.34+0.71 9.64 +1.02 0.46+0.08 | 0.99+0.12 | 0.39+0.06
WT3 846+293 | 9.3+1.46 12.67+2.35 | 0.44+0.07 | 0.94+0.11 | 0.38+0.08
WT4 7.07+2.27 | 8.87+0.094 8.86 + 1.36 0.45+0.07 | 0.98+0.11 | 0.46+0.08
L208V 1 | 867+1.36 | 991+1.91 | 12.89+1.76 | 0.42+0.07 1+0.16 0.4 +0.08
L208V2 | 7.07+1.32 | 10.32+1.18 | 13.96+3.07 | 0.45+0.07 | 0.95+0.14 | 0.42 +0.08
L208V3 | 652+1.78 | 9.86+1.54 9.27 +1.29 0.46 +0.08 | 1.25+0.29 | 0.45+0.08
L208V 4 | 1084+1.26 | 9.89+1.22 | 10.33+1.79 | 0.45+0.06 | 0.96+0.16 | 0.39 +0.07
L208F1 | 10.79+1.31 | 958+0098 | 11.09+0095 | 0.63+0.18 | 1.2+0.14 | 0.42+0.08
L208F2 | 93+1.92 | 9.46+1.61 7.17 £ 1.04 0.66+0.15 | 1.18+0.21 | 0.46 +0.07
L208F 3 | 14.43+0.99 | 9.21+0.75 6.03 +0.79 0.68+0.17 | 1.13+0.16 | 0.43 +0.06
L208F 4 | 11.14+0.99 | 12.13+232 | 11.84+1.46 | 0.63+021 | 095+0.13 | 0.53+0.21
L208R1 | 8.01+153 | 9.73+15 10.04+1.62 | 077+022 | 098+0.1 | 0.38+0.07
L208R2 | 5.93+1.05 | 9.32+0.97 8.3+ 0.97 1.04+031 | 091+0.1 | 0.38+0.07
L208R3 | 10.26+1.8 | 11.51+151 | 11.97+157 | 0.75+0.21 1+0.13 | 0.43+0.09
L208R4 | 11.27+3.11 | 12.24+299 | 1475+2.03 | 159+0.22 | 1.1+0.19 | 0.4+0.09
L208K 1 | 12.37+2.34 | 9.48+1.26 9.49 +1.72 1.23+0.27 | 0.95+0.12 | 0.38+0.07
L208K?2 | 6.91+1.49 | 7.58+1.46 9.24 +1.11 1.13+028 | 1.03+0.16 | 0.44+0.11
L208K3 | 6.35+1.32 | 886+1.02 | 1028+242 | 095+028 | 0.94+0.11 | 0.4+0.09
L208K 4 | 5.93+1.62 | 8.74+0.81 9.76 + 1.06 1.14+029 | 0.93+0.12 | 0.36+0.07
L208P1 | 11.21+2.78 | 10.67+18 | 1279+213 | 074+011 | 1.1+0.27 | 0.39+0.08
L208P2 | 7.97+1.42 | 11.12+162 | 1279+1.96 | 0.75+0.13 | 0.96+0.16 | 0.42 +0.07
L208P3 | 13.79+1.49 | 886+3.37 | 10.19+1.88 0.8+0.14 | 1.02+0.13 | 0.46+0.13
L208P 4 | 12.87+3.07 | 9.9+1.29 9.61+1.74 075+0.1 | 095+0.1 | 04+0.07
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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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We describe the characterization of a gene for mild nonsyndromic autosomal recessive intellectual disability (1D)
in two unrelated families, one from Austria, the other from Pakistan. Genome-wide single nucleotide polymorph-
ism microarray analysis enabled us to define a region of homozygosity by descent on chromosome 17g25.
Whole-exome sequencing and analysis of this region in an affected individual from the Austrian family identified
a5 bp frameshifting deletion in the METTL23 gene. By means of Sanger sequencing of METTL23, a nonsense
mutation was detected in a consanguineous ID family from Pakistan for which homozygosity-by-descent
mapping had identified a region on 17q25. Both changes lead to truncation of the putative METTL23 protein,
which disrupts the predicted catalytic domain and alters the cellular localization. 3D-modelling of the protein
indicates that METTL23 is strongly predicted to function as an S-adenosyl-methionine (SAM)-dependent methyl-
transferase. Expression analysis of METTL23 indicated a strong association with heat shock proteins, which
suggests that these may act as a putative substrate for methylation by METTL23. A number of methyltrans-
ferases have been described recently in association with |D. Disruption of METTL23 presented here supports
the importance of methylation processes for intact neuronal function and brain development.
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INTRODUCTION

About 1% of children worldwide are affected by intellectual dis-
ability (ID) (1), which can have a devastating impact on many
aspects of the lives of the affected individuals, therr families
and communities, and is a major challenge at the clinical level.
The clinical presentation and etiology of 1D is complex and
has a high degree of heterogeneity. which leads to a poor rate
of molecular diagnosis resulting in below satisfactory clinical
management. Although recent advances in sequencing technol-
ogy have accelerated the rate of gene discovery for 1D, even
where family sizes are small, the majonty of D genes remain un-
detected. [D can be divided into two groups: nonsyndromic 1D is
characterized as the only clinical feature in patients, whereas
syndromic [D occurs in combination with one or more additional
clinical features (2). A recent review suggested that ~40 genes
for nonsyndromic autosomal recessive 1D (NS-ARID) have
been identified to date, but estimates there may be in excess of
2500 autosomal [D genes in total, with the majority being reces-
sive (3). Although the physiological roles of ID genes are hetero-
geneous, increasing numbers of methyliransferases are being
implicated in [D, stressing the essential role that methylation
plays in the development and function of the central nervous
system. For instance, ID has been linked to mutations in the
methyltransferases NSUN2 (4.,5) EHMTI (6), FTSJ, (7) and
TRMTI (8), which have diverse molecular substrates. Here, we
report the identification of methyltransferase-like 23 gene
(METTL23) tuncating mutations in two nonsyndromic 1D fam-
ilies, one Austrian and the other Pakistani family, and discuss
potential substrates for this protein.

RESULTS

The Austrian 1D family (LFKKI) has five children. In four
affected siblings—two male and two female—a delay in devel-
opmental milestones was noted after the first year of life, and
1D was diagnosed, whereas one sister was unaffected. All four
affected siblings have a relatively high level of functioning,
and a detailed clhinical description 1s given in Supplementary
Material.

The phenotypes and the degree of 1D in the two affected girls
of the Pakistam famaly (PK31) had a stnking similanty to the
Austrian family (see Supplementary Material for detailed clinic-
al descriptions). Photographs for the two affected Pakistani girls
are shown in Figure 1. Magnetic resonance imaging (MRI) was
available for individual PK31-11:1 and I1:22. For 11:2, MRI
showed increased volume of the subcallosal gray matter, and
decreased delineation of the basal gangha-regions strongly
implicated in affect regulation, which may correlate with the
aggression documented for this individual (Fig. 1).

For Austrian family LFKKI, a single large homozygosity-
by-descent (HBD) region of about 4.8 Mb on chromosome
17g25.1-q25.3 was identified (Fig. 2); this area contained 107
genes. Mo other HBD stretch present in all affected family
members and not in unaffected members could be identified.
One possible candidate gene within the HBD region on 17q was
TSEN54, which encodes one subunit from the tRNA splicing
endonuclease complex ' Mutation in this gene causes pontocer-
ebellar hypoplasia type 2A (OMIM #277470) and type 4 (OMIM
#225753 )-neurodegenerative autosomal recessive disorders with

124

chorea, dystonia or spasticity (9,10). However, Sanger sequencing
ofall exons of TSEN54 identified no mutation. After whole-exome
sequencing for LEKK ] individual 11:5, selection for homozygous
exonic mutations in the 17q HBD region and exclusion of entries
of the dbSNP131 database, only two genetic changes remained:
A synonymous single nucleotide vanant (SNV)  (chrl7:
T4392666G = A; NM_022066.3:¢.2352C>T; p.AlaT84Ala) in
the UBE2( (ubiguitin-conjugating enzyme E2() gene and a
5 bp frameshift deletion (chr1 7:74729256_74729260delAAGAT;
NM_001206983.1: c281 285delAAGAT: p. (GIn94Hisfs*6)
resulting in a predicted 98 amino acids METTL23 protein) in
exon 3 of the Cl7orf9s (METTL23, methyltransferase-like
protein 23) gene (Fig. 2). As the synonymous SNV 15 a known
SNP (rs145605062; dbSNP build 138; MAF = 0.58%), it is not
predicted to affect splicing (analyzed through BDGP: www,
fruitfly.org), and therefore seems unlikely to be disease related.
In contrast, small indels have frequently been associated with
severe, sporadic nonsyndromic D (11), and therefore we
focused on investigating METTL2S further. In addition to this,
all known genes associated with NS-ARID were screened for
compound heterozygosity in our exome data (12). The homozy-
gous METTL23 vanant was confirmed by Sanger sequencing
in all four affected family members, whereas the unaffected
sister and the parents were all heterozygous. For controls, we
analyzed 200 unrelated, unaffected Austrian mdividuals for var-
iants in METTL2Z3 coding exons (exons 2-5) by denaturing
high-performance liquid chromatography (DHPLC). In three
samples, we identified the known SNV rs138247613 (c.G490A,
p.DI66N) in exon 5 with a comparable frequency of 2% for
the heterozygous /A genotype in the European population.
However, we detected no other vanants in this cohort.

In Pakistani family PK31,a 5.1 MbHBDregion was observed
on 17g25.1-q25.3, flanked by SNPs rs513643 and rs43 13838
(chr17:72 599 41877 698 582; hgl9) (Fig. 2). Because of the
averlap of HBD with the Austrian family and the similar pheno-
types, we Sanger sequenced the METTL23 coding exons in
family PK31. We identified a nonsense mutation in exon 4,
which segregated with the disease (chrl7:74729449C=T;
NM_001080510.3: 397C>T; p.(GInl33*) (Fig. 2). We
screened 300 healthy Pakistani individuals by restriction frag-
ment length polymorphism-PCE with the enzyme Myel, but
did not find this allele. Neither this variant, nor the 5 bp deletion
were present in the Exome Variant Server, NHLBI GO Exome
Sequencing Project, Seattle, WA, USA (http:/eversusgs.wa
shington.edwEVS/) (accessed Dec 2013) or in 1000 Genomes
{http://browser. 1000genomes.org/index . html).

Marker segregation for the two families was confirmed using
microsatellites markers as well as the METTL 23 vanants (Fig. 2),
and linkage analysis using SimWalk2 (version 2.91) (13} under
a recessive model of inheritance gave a maximum LOD score
of 2.66.

There are seven different METTL2Z mBENA-transcripts
reported (UCSC Genome Browser), six coding and one non-
coding. Transcript vanants 1, 2 and 3 encode the protein
isoform 1 (190 amino acids) and the transcripts 4, 5 and 6 for
the shorter protein isoform 2 (123 amino acid). The mENAs
have different length because of differing sizes of the non-coding
first exon or because of alternative splicing of exon 2. In order to
get a global overview of the expression of these mRNAs, we
analyzed the 20 tissue samples from the Human Total RNA
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Figure 1. Magnetic resonance images: Two independent experts in neuroimaging (Christian Enzinger, Franz Fazekas) inspected the MRI scans blinded to clinical
information and detected increased volume of the subcallosal arca (SA), which was particularly evident in patient PK31 11:2 (A: red circles; in companison with
patient [1:1 in D: green circles). On axial T2-weighted and FLAIR sequences, this led to decreased identifiability of the basal ganglia (B, C red arrows (11:2); compared
with E and F (11:1), green arrows). The SA 1s commonly attributed to the limbic system, belongs to a phylogenetic old-brain area, is located in the vicinity of stra-
tegically important areas such as the hypothalamus and mamiliar bodies and has been implicated in affect regulation. Interestingly, clinical information revealed
that patient [1:2 had demonstrated aggressive behavior and disturbed impulse control. Photos of PK3111:2 (G and H) and 11:1 (I and J) are shown.

Panel (Clontech Takara, Madison, WI) by quantitative real-time
PCR. We found that METTL23 is expressed at low levels but ubi-
quitously in all tissues analyzed, in comparison with the beta-2-
microglobulin (B2M) and HPRTI-mRNA-amplification-levels.
Both long- and short-isoform-encoding transcripts of METTL23
are expressed at very similar levels in all tissues (see Supplemen-
tary Material).

Quantitative RT-PCR using mRNA from lymphoblasts from
PK31 family members showed similar levels of mRNA for the
two main isoforms of METTL23 NM_001206983.1 (isoform
1) and NM_001206986.1 (isoform 2) in the affected siblings
(II:1 and 1I:2) and a gender-matched unaffected individual, as
well as in the tissues from the RNA panel (lymphocyte, brain
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and testis). Thus, nonsense-mediated mRNA decay does not
appear to be involved in the mechanism of pathogenicity (see
Supplementary Material).

To confirm that the nonsense mutation in METTL23 from patient
PK31 II:1 definitively results in a truncated METTL23 protein
(position |1 —132 amino acids, lacking the catalytic domain) a poly-
clonal antiserum (raised in our lab, recognizing full-length
METTL23 protein expressed in Escherichia coli, Fig. 3A) was
used. Immunoprecipitation of METTL23 from lymphoblastoid
cells and subsequent detection with a sequence-specific
(C170rf95) antibody [cross-reacting with the more C-terminal
portion (position 137-166 amino acids) of intact METTL23]
revealed a strong immunoreactive signal of 21.5 kDa in controls
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LFKK1: chr17:72,653-77,404 kbp.
PK31: chr17:72,599-77 698 kbp.

Bl Coding region
m Untranslated region

c.281_285delAAGAT L f U1

LFKK1
11 12
D175949 23 1/4
D17S785 113 172
Mut 21 21
D17S784 172 22
D17S928 21 34

o =

1 -2 13 I:4 11:5
D175949 21 21 21 21
D175785 117 mn 12 n
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D175949 n 32
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2/2 Mut 2/2 22 11
12 D17S784 22 32 32
1/3 D17s928 m n 12

Figure 2. Ideogram of chromosome 17 is shown. Localization, indicated by red rectangles and base pair positions (referring to hg19) defining the homozygous regions
of family FLKK 1 and PK31 are given. The exon/intron structure of METTL23 is shown: blue blocks represent coding regions and gray blocks represent untranslated
regions, introns are shown as dark lines. Black vertical lines indicate the position of the mutations for LFKKI and PK31. Electropherograms show the homozygous
familial mutations in METTL23 for LFKK 1 and PK31 compared with WT sequences. Haplotypes and simplified pedigrees of LFKK L and PK31 are shown. The discase
haplotype is indicated by black bars. All alleles are recoded. Mutation status (mut) of all tested individuals is indicated by I for WT and 2 for mutated.

but not in the patient (Fig. 3C). These observations confirm that the
PK31 nonsense mutation does result in the loss of C-terminal
METTL23 protein sequence.

Based on sequence comparison, METTL23 appearstobe apu-
tative methyltransferase. Accordingly, we modeled the 3D struc-
ture of human METTL23. The final model has optimal
confidence scores along the entire sequence length (190 resi-
dues, i.e. isoform 1) and is shown in Figure 4A. Based on this
homology model. possible ligands and their binding sites in
METTL23 were predicted using the server 3DLigandSite (14).
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In total, 22 similar structures were identified in the PDB,
which all contain either S-adenosyl-methionine (SAM) or
S-adenosyl-homocysteine (SAH)as a cofactor. Twenty-five resi-
dues of METTL23 were predicted to build up the SAM/SAH-
binding site (colored green in Fig. 4A), ~50% of which were
completely conserved among this set of SAM/SAH-binding pro-
teins. According to this structural bioinformatics analysis, it is
very likely that METTL23 isoform | adopts a 3D fold typical
for methyltransferases and contains a binding site for the methy-
lation cofactor SAM. Thus. we conclude that METTL23 is
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Figure 3. Western blot for METTL23 protein: Purified METTL23-His8-tag
protein (expressed in E. coli) was loaded in lane 1 (50 ng) and 2-4 (100 ng).
METTL23 proteins were immunoprecipitated from lymphoblastoid cells from
healthy control (lane 5) and METTL23-mutant paticnt PK31 111 (lance 6) using
polyclonal anti-METTL23. Immunorcactive bands were visualized using (A)
rabbit polyclonal anti-METTL23-His8-tag antiserum, (B) rabbit polyclonal
anti-His-tag (C-terminal) antibody and (C) sequence-specific anti-METTL23
(C170rf95) antibody as primary antibodies. Arrow (METTL23-His8-tag
protein, 22.6 kDa); arrowhead (immunoprecipitated METTL23 protein,
21.5 kDa).

A

Figure 4. (A) Homology model of human METTL23 generated using the Phyre2
server(23). Amino acid residucs predicted to build an SAM/SAH-binding site are
shown in green. (B) Cartoon representations of the protein model with purple and
orange colored portions representing the extent of the truncation vanants (left:
[-98: right: 1-132). The parts missing in these variants are shown in gray.

indeed functioning as a methyltransferase. Both truncation var-
iants, on the other hand, are predicted to lack a significant portion
of the core fold (central B-sheet) of the protein (Fig. 4B). There-
fore, it is very likely that these variants are not properly folded
and thus do not show methyltransferase activity.

To obtain more information on the catalytic properties of
METTL23, we heterologously expressed the gene in E. coli
BL21 host cells. The protein was produced in good yield
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GroEL
METTL23

Figure 5, Expression and purification of METTL23 in £. coli in the absence and
presence of chaperone coexpression. (A)The expression of METTL23 in the
absence of chaperone coexpression in £, coli. METTL23 was found solely in in-
clusion bodies (left lane), whereas the supematant was devoid of METTL23
(nght lanc). (B) The purification of METTL23 coexpressed with GroEL-GroES
by Ni-NTA affinity and size exclusion chromatography. The middle lane was
supematant of METTL23 coexpressed with GroEL-GroES chaperones after
cell lysis. The right lane is a fraction of METTL23 after Ni-NTA affinity and
size exclusion chromatography.

but was insoluble and formed inclusion bodies (Fig. 5A). We
then generated the protein in the presence of chaperones (e.g.
GroEL) yielding soluble METTL23. Interestingly, affinity puri-
fication of his8-tagged METTL23 and size exclusion chroma-
tography showed that the protein co-eluted with the chaperone
(SDS—-PAGE: fig. 5B). Attempts to release METTL23 from
the chaperone, for example by addition of ATP, were unsuccess-
ful indicating that METTL23 is tightly bound. This finding is in
accordance with the suspected association of METTL23 with the
endoplasmic reticulum (ER) membrane (as shown in Fig. 6). On
the other hand, Cloutier and coworkers (15) recently reported
that several human methyltransferases interact with molecular
chaperones and regulate their activity by methylation of a
conserved lysine residue.

The 5 bp deletion in exon 3 is predicted to lead to a 98 amino
acids-protein isoform | and 31 amino acids-protein isoform 2,
whereas the nonsense mutation in exon 4 is predicted to lead
to 132 and 65 amino acids-long gene products, for isoform 1
and 2, respectively. Wild-type-isoform | appears to be localized
at or in the ER-membrane, whereas isoform 2 is mainly loca-
lized in the nucleoplasm in all analyzed cells (Fig. 6). These
findings support the predicted transmembrane domain in
isoform | but not isoform 2. However, this overexpression of
the mutant protein leads to the formation of protein aggregates
in the cytoplasm in all cells, for both isoform | and isoform 2
(Fig. 6).



4020 Human Molecular Genetics, 2014, Vol. 23, No. 15

Isoform 1 WT Isoform 1 Mut

l

Isoform 2 WT Isoform 2 Mut

Figure 6. Subccllular localization of METTL23-GFP fusion proteins for WT isoform 1, WT isoform 2 and the corresponding 5 bp-deletion mutant proteins are shown

inCHO cells after transient transfection. The WT of isoform 1 15 predominantly loc:

shows a similar distribution but additionally forms highly fluorescent protein ag

edinthe ER andtoa lowe
ates. The WT protein of isoform 2 appears to be located in comparable concentra-

tent inthe nucleus. The corresponding mutant protein

tions in the nucleus and in the cytoplasm, whereas the corresponding mutant protein located in the cytoplasm forms numerous concentric aggregates. Green fluorescent

signal could also be obscerved in the nucleus.

DISCUSSION

The findings presented here add support for METTL23 as an
important gene for ARID. Interestingly, a homozygous 4-bp
deletion (c.169_172delCACT) in the METTL23 gene was very
recently described in a consanguineous family of Arab origin
(16). In contrast to our two families, Reiff ef al. noted some
dysmorphic features in their affected family members. Clinical
findings common to all affected individuals included flat
occiput, large eyes, depressed nasal bridge, short upturned
nose, long philtrum, thin lips and incomplete syndactyly. The
cognitive impairment was classified as ‘severe, with autistic
symptoms’ in one individual and as ‘moderate’ in two other
affected family members. Altogether, this suggests that truncat-
ing mutations can lead to nonsyndromic ARID as well as ARID
with dysmorphic or syndromic features. The cognitive impair-
ment also seems to be milder in families LFKK1 and PK31, as
the affected individuals of both families have a relatively high
degree of comprehension, including long sentences, and have
at least very simple reading, writing and math abilities. There
was no evidence of autistic traits. As the three mutations found
thus far in METTL23 are different and present with different se-
verity of 1D, a genotype/phenotype correlation seems probable.
Importantly, the mutation reported by Reiff et al. (16) is located
in an exon that is only coding in isoform 1 (and is in a 5" untrans-
lated region in isoform 2), whereas the mutations in LFKK 1 and
PK31 are truncating for both isoforms. This perhaps represents
something of a paradox, as the symptoms associated with the
mutation that is exclusive to isoform | are severer.

Localization studies suggest that wild-type (WT) METTL23
isoform 1 is likely to function in the ER, whereas isoform 2
has a nuclear localization. Expression of the mutant (truncated)
protein appeared to result in cytoplasmic protein aggregates. It is
likely that these aggregates are a secondary effect related to the
hydrophobicity and overexpression of the protein, rather than
being the primary effect of the mutation. Protein aggregation and
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inclusion bodies are frequently associated with neurodegeneration;
however, there is no evidence of a gain-of-function associated with
the two METTL23 mutations identified as a pathogenic mechanism
in these two families. It is most likely that the neurodevelopmental
phenotype in our two families is a result of a deficit in the enzymatic
function of the methyltransferase.

Methyltransferases catalyze the transfer of a methyl group
to diverse substrates, including nucleic acids (DNA and RNA),
proteins and lipids. They have been grouped into superfamilies
according to their structural properties. Today, 208 proteins in
the human proteome, representing ~0.9% of human gene pro-
ducts, are already characterized as putative methyltransferases,
and ~30% of these have already been linked to diseases (17).
By modifying their targets, they essentially influence multiple cel-
lular regulatory mechanisms. Via epigenetic effects, methyltrans-
ferases are involved in tissue differentiation and proliferation, and
have therefore been associated with a variety of diseases including
cancer and neuropsychiatric disorders (18-20).

Many genes encoding demethylases and methyltransferases
have now been implicated in syndromic or nonsyndromic forms
of ID. These include histone demethylases. histone methyltrans-
ferases, tRNA and rRNA methyltransferases (4-8). Epigenetic
events influenced by methylases and demethylases have been
shown to have a substantial involvement in development and
function of the central nervous system, and mutations in the under-
lying genes may result in cognitive impairment and intellectual
disabilities. In the case of METTL23, it appears likely that abnor-
mal methylation may also result in disrupted neuronal develop-
ment via other (non-epigenetic) pathways. The METTL group
of genes is likely to contain many more ID-related genes yet to
be discovered.

A newly uncovered group of distantly related lysine methyl-
transferases preferentially interact with molecular chaperones to
regulate their activity (15). Our data suggest tight binding of
METTL23 to a chaperone protein, GroEL, which is highly hom-
ologous to human heat shock protein HSP60 (known to be mutated



in hereditary spastic paraplegia; MIM 605280). Thus, studies of
the interaction of METTL23 with various chaperones may
eventually lead to the discovery of the cognate substrate(s) of
the enzyme. Currently, we are investigating this putative function
of METTL23 and developing heterologous expression systems
that will yield soluble protein for further characterization ofits en-
zymatic properties.

In summary, we present two different families with METTLZ3
mutations, one of them located in Europe, 1.e. Austria, the other
in Pakistan, which extends the geographical distribution and
prevalence of METTL23 as a gene affecting cognitive function.
In fact, our study suggests that the prevalence of mutations in this
gene in individuals with ID may be relatively high. Our study
adds to the known phenotypic consequences of mutations in
METTL23. In contrast to the study by Reiff and coworkers
{16}, our mutations resulted in a nonsyndromic and mild form
of ID. We also describe MRI results, which revealed some
minor abnormalities in affected individuals. It remains to be
determined whether METTL23 isoform 2, as predicted, has a
physiological role. Since the mutation reported in Reiff and cow-
orkers( 16} only disrupts isoform 1, vet the resulting phenotype is
more severe, we conclude that the function of isoform 2 may be
restricted. Further functional characterization of the different
METTL23 protein isoforms is recommended.

MATERIALS AND METHODS
Family ascertainment

We ascertained an Austrian ID family (LFKK 1) with five children,
through the Human Genetics Department of the Landes-Frauen
und Kinderklinik, Linz. In four siblings—two male and two
female—mild, nonsyndromic 1D was diagnosed, whereas one
sister was unaffected. Consanguinity was not known, however
both parents onginated from the same village from 8 mountainous
region, which has been geographically isolated throughout previ-
ous centuries. We performed a detailed clinical genetic examin-
ation of the four affected and the non-affected siblings, and
blood was drawn for genetic investigations. Photographs of the
mdividuals were assessed for dysmorphic features by several
experienced clinical geneticists and pediatricians, and medical
records were studied. The family from Pakistan (PK31) in which
the parents were first cousins was recruited through the Lahore In-
stitute of Research and Development, as part of a study researching
1D among consanguineous families. The family 1s located within
Lahore, in Punjab Province, and presented with two girls affected
with mild ID, and a third female sibling who 15 unaffected.

The study was approved by the respective ethics committees,
and conducted according to the Declaration of Helsinki, and
written informed consent were obtaned from all included
members from the Austrian and Pakistani families. Blood was
drawn from family members and DNA extracted by standard
procedures.

Single nueleotide polymorphism microarray analysis

Forthe Austrian family (LLKK1), DNAs from individuals 1T: 1 -
I1:5 were genotyped using Affymetrix 6.0 SNP microarrays, and
data were analyzed using Chromosome Analysis Suite (ChAS)
version 1.2, For the Pakistani family, PK3 1, both affected indi-
viduals (IT:1, 11:2) and unaffected sibling (11:3) were genotyped
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using Affymetrix 500K Nspl microarrays (Affymetrix; Santa
Clara, CA, USA). Homozygosity analvsis was performed
using dCHIP (http:/biosunl.harvard.edu/complab/dchip; 213
and HomozygosityMapper (http://www_homozygositymapper.
org; 22).

Whole-exome sequencing

Whole-exome sequencing of one 1D affected family member
(IL:5) from family LFKK1 was performed by Macrogen Korea
Inc. on the [Mumina HiSegl000 platform using [Hlumina
TruSeq Exome Enrichment. Analysis was performed using the
Macrogen exome sequencing standard analysis pipeline, and
variants were filtered for homozygous exonic and splice site var-
iants within the 1 7q HBD region, and excluding known SNPsin
the dbSNP131 database. Sequence validation was performed by
Sanger sequencing using standard procedures.

Protein 3D modeling

We used the Phyre2 server (23) for modeling the 3D structure of
METTL23. The software chose Protein Data Bank (PDB) entries
4LG I 4LEC and 3BZB as templates. These proteins exhibit 19—
26% sequence identity to METTL23 and are annotated as human
methyltransferase-like protein 21 A (4LEC), and 21D {(4LG1) as
well as an uncharacterized protein CMQ451C from Cyani-
dioschyzonmerolae (3BZB). We then used the 3DLigandSite
server (14) to predict potential ligands and their binding sites
in METTL23.

EBV transformation and culture of lvmphoblasts

Patient and control blood samples collected in acid-citrate-
dextrose BD Vacutainer™ blood tubes (Becion, Dickinson and
Company ) were diluted { 1: 1y with Roswell Park Memorial Insti-
tute medium, and white blood cells separated using ACCUSPIN
tubes (Sigma), and transformed with Epstein-Barr virus.

RNA extraction, cDNA synthesis and quantitative RT-PCR

RNA was extracted from lymphoblast cells using the Trizol
method. cDNA was synthesized through reverse transcription
of | pg of RNA using Superscript TIT™ Reverse Transcriptase
(Invitrogen, Carlsbad, CA, USA) and random hexamers accord-
ing to manufacturer’s guidelines.

mRNA from Leukocytes was extracted from peripheral blood
samples using the Chemagic Magnetic Separation Module 1
(Perkin Elmer, Baesweiller, Germany). cDNA was synthesized
through reverse transcription using M-MLV Reverse Transcript-
ase (Promega, Madison, W1, USA) and random hexamers accord-
ing to manufacturer’s guidelines. Primers were designed to amplify
the coding DNA sequence of the METTL23 gene, using the primer
express software (Applied Biosystems Inc., Foster eity, CA, USA)
and their details are given in Supplementary Material, Table S1.
The Primer-Probe-Sets for B2M (Life Technologies, Carlsbad,
CA, USA)and HPRTT (Life Technologies) were used as an intern-
al reference for all the mns. For METTL23 isoform-specific
qRT-PCR, primers and a FAM-dyed probe were designed. In
addition, cDNATotal RNA from a multitissue panel (Clontech)
was reverse transcribed into cDNA duplicates and used for
qRT-PCE. PCR was performed in guadruplicates on the Roche
LightCyeler 1.0 System (Roche Diagnostics, Basel, Switzerland)
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using the LightCycler FastStart DNA Master HybProbe Assay
{Roche) T. The C, for all reactions was caleulated sutomatically
by the LightCycler™ Analysis software version 3.5. (Roche Diag-
nostics). Due to the variability among the internal controls com-
pared with the C, values for METTL23 1soform | and METTL23
isoform 2 for the 20 analyzed tissue samples, a relative normaliza-
tion analysis was not performed.

Immunoprecipitation of WT and mutant METTL23

Lymphoblastoid cells were homogenized in RIPA  buffer
(50 mmol/l Tris—HCL, pH 7.5, 300 mmol]l NaCl, 5 mmol/l
EDTA, 50 mmol/l NaF. 0.1%, vv, Triton X-100, 0.02%, wiv,
MaM,, pH 7.4) containing a protease inhibitor cocktail tablet
(S1igma—Aldrich). Cell lysates were centrifuged at 10 000 rpm
{4"C, 10 min) to pellet debris and were equilibrated against immu-
noprecipitation buffer containing {(in mmol/1): 50 Trns—HCI (pH
B.0), 10 MgCl; and 150 NaCl. Lysates containing equal protein
concentrations (500 pg) were mixed with 10 ] rabbit polyclonal
anti-METTL23 antiserum {raised in the own lab against full-length
METTL23 protein (BMWF-2013-10-22T11:53:23) contaming a
His8-tag, expressed in £ eofi, see Supplementary Material part)
for 2 h at 4°C. Immune complexes were precipitated by mixing
20l of protein A/G plus Agarose (Santa Cruz Biotechnology,
Heidelberg, Germany) overnight (4'C with shaking). Immune
complexes were pelleted by centrifugation at 10 000 mm (4°C,
| min). After washing three times with RIPA buffer, immune com-
plexes were resuspended in 40 pl of 4:x NuPAGE LDS sample
buffer and heated (70°C, 10 min). Western blot analyses were per-
formed as described below.

Western blot analysis

After protein estimation using the Lowry method, indicated con-
centrations of purified METTL23-His8-tag protein (22.6 kDa)
were added to 10 pl of 4 x NuPAGE LDS sample buffer contain-
mg 2 pl sample reducing agent {Invitrogen, Austria) and heated
(70°C, 10 mun). Purified METTL23-HisB-tag protein and immu-
noprecipitates were separated by electrophoresis on 2% Bis—
Tris gel and transferred to nitrocellulose membranes. Membranes
were blocked with 5% (w/v) non-fat milk in TBST { Tris-buffered
saline contaiming Tween 20) (25°C, 2 h) and incubated with either
(1)rabbit polyclonal anti-METTL23 antiserum { 1: 2000 in 5%, w/v,
BSA), (11) rabbit polvclonal anti-His-tag (C-terminal) antibody
(11000 in 5%, wiv, BSA, Relia Tech, Germany) and (iii) rabbit
sequence-specific anti-METTL23 (C17orf95) antibody ( 1:300 in
5%, wiv, BSA, Abgent, Germany, raised against a synthetic
peptide; position 137 - 166 amino acids) (4°C, overnight), Immu-
noreactive bands were visualized with either Clean-Blot [P De-
tection Kit [horseradish peroxidase (HRP)] (1100 000 in 5%, w/
v, non-fat milk in TBST, Thermo scientific, Austria) or HRP-
conjugated goat anti-rabbit [gG (1100 000 in 3%, w/v, non-fat
milk in TBST) (25°C, 2 h) followed by Super Signal West Pico
Chemiluminescent substrate (Thermo Scientific, Austria) and
developed by Bio-Rad ChemiDoc MP Imaging System.

Expression and purification of METTL23

Full-length METTL23 including a C-terminal hexa-histidine tag

was synthesized (Life Technology™ ) and inserted into the Neel/
Xhol restriction site of pMA-T. One shot™ Topl0 E. coli
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harboring the plasmid were cultured in 100 m]l LB medium con-
taining 100 pg/ml ampicillin to propagate the plasmid. Extrac-
tion and purification of the plasmid was performed according
to the protocol of NucleoSpin™ Plasmid (Macherey-Nagel,
Darmstadt, Germany). The 1solated plasmid was digested with
Neel and Xhol to release METTL23. The insert was then
cloned into pET21a (mettl23-pET21a) and used for transforme-
ation of competent E. cofi BL21 (DE3). Expression of the gene
wis induced by addition of 0.1 mm IPTG at an ODggn ~1 at
200C for 14 h. Coexpression of GroEL-GroES chaperones was
induced by addition of | mg/ml] of L-arabinose.

Purification of METTL23 was achieved by Ni-NTA affinity
i{5-ml Ni-Sepharose™ High Performance HisTrap'™ HP
column) and size exclusion chromatography (Superdex 200
prep grade column). For the latter step, the protein solution
was applied to the column after equilibration with 50 mw
Tris—HCI buffer, pH 8.0, containing 100 myw NaCl. Protein
fractions were pooled according to the absorption at 280 nn.
Aliquots of each fraction were analyzed by SDS-PAGE
{staining with Coomassie Brilliant Blue R-250) to monitor the
progress of purification.

METTL23 wild type and mutant protein localization

To study the cellular localization of METTL23 WT isoform 1,
WT isoform 2 and the 5 bp-deletion mutant proteins, we fused
the GFP-peptide to the C-terminal end using the GFP Fusion
TOPO TA Expression Kit (Invitrogen). For transfection, we
used 6.5 pg of DNA from WT and mutant constructs and
added OptiMEM I Reduced Serum Medium ( Life Technologies)
and FuGENE (R) HD Transfection Reagent (Promega) to
CHO-K cells. The transfection was performed in duplicates,
and 26 h later analyzed using inverted fluorescence microscopy
{TE2000, Nikon Corporation).

SUPPLEMENTARY MATERIAL

Supplementary Materal i1s available at HMG online.
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Table 1. Primers

Amplicon | Primer Sequence (5’ to 3°)
METTL23E2-F | GTAATGGATGCCAATGCCTG
mon METTL23E2-R | GCTCACAGACCTTACAAACTAGC
METTL23E3-F | CCAGTTACGATACATGGCCC
=ons METTL23E3-R | AGACCACAATTGGACCTTGG
METTL23E4-F | TTCTTTGAACCAGAAGGTAAGC
= METTL23E4-R | TCATGCCTTTTCTGTTTTGC
Exon 5 METTL23E5-F | TCTACCCTACCCATGCGATAC
METTL23E5-R | ACCATCTTCAGACCCACTGC
gRT-PCR Q_Mettl23isol-F | GGCCATCTTAGAGATTGGAGCT
gRT-PCR | Q_Mettl23is02-F | CAGTTCTGCGCGTATTGGAGCT
gRT-PCR | Q_Mettl23-R ATGTTAGTCCTACCACCTGCAG
Probe Q-Mettl23 FAM-GTAATACTGTCAGACAGCTCAGAACTGCC-

TAMRA

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 Sl 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 11:2 (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 11:5 (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 11:4 (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 (PK31-11:2). 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-D-
riboflavin dimethyltransferase (RosA)



4.1 Structural and kinetic studies on RosA, the enzyme
catalysing the  methylation of  8-demethyl-8-amino-
D-riboflavin to the antibiotic roseoflavin
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N N-B-demethyl-8-amino-p-riboflavin dimethyltransferase (RosA) catalyses
the final dimethylation of 8-demethyl-8-amino-p-riboflavin (AF) to the
antibiotic roseoflavin (RoF) in Strepromyees davawensis. In the present
study, we solved the X-ray structure of RosA, and determined the binding
properties of substrates and products. Moreover, we used steady-state and
rapid reaction kinetic studies to obtain detailed information on the reaction
mechanism. The structure of RosA was found to be similar to that of pre-
viously described  S-adenosylmethionine  (SAM)-dependent methyltrans-
ferases. featuring two domains: a mainly a-helical ‘orthogonal bundle’ and
a Rossmann-like domain (2/f twisted open sheet). Bioinformatics studies
and molecular modelling enabled us to predict the potential SAM and AF
binding sites in RosA. suggesting that both substrates, AF and SAM. bind
independently to their respective binding pocket. This finding was con-
firmed by kinetic experiments that demonstrated a random-order “bi-bi’
reaction mechanism. Furthermore, we determined the dissociation con-
stants for substrates and products by either isothermal titration calorimetry
or UV/Vis absorption spectroscopy. revealing that both products. RoF and
S-adenosylhomocysteine (SAH), bind more tightly to RosA compared with
the substrates, AF and SAM. This suggests that RosA may contribute to
roseoflavin resistance in 8. devawensis. 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
hvdrophohic environment.
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Structure and mechanism of RosA

Introduction

The Gram-positive soil bacteria Sreepromyces davawen-
siv and Strepromyces chmabarinus produce roseoflavin
{RoF), the only known natural riboflavin (vitamin B.)
analogue with antibiotic activity. In contrast to most
other antibiotics, RoF has multiple cellular targets and
negatively affects flavoproteins as well as FMN ribos-
witches [1-8]. RoF may be considered o natural anti-
metabolite. and was postulated to be biosynthesized
from riboflavin through 8-demethyl-8-amino-p-ribofla-
vin (AF) and H-demethyl-8-methyvlamino-riboflavin
(MAF) [9.10]. The occurrence of the intermediates AF
and MAF was confirmed by the discovery of the first
enzyme of RoF biosynthesis. the S-adenosylmethionine
(SAM )-dependent dimethyltransferase N, N-8-demethyl-
B-amino-p-riboflavin dimethyltransferase (RosA) [11]).
This enzyme synthesizes RoF from AF (via MAF) in
two consecutive methylation reactions, as shown in
Scheme 1. The corresponding gene (rasd) 1s present
in a cluster comprising ten genes. The remaining genes
of this cluster were found not to be involved in RoF
synthesis, and it is presently unclear which genes/en-
zymes are responsible for synthesis of the key interme-
diate AF [12].

The important role of RosA for completion of RoF
biosynthesis prompted us to determine the three-
dimensional structure of this enzyme and to investigate
the mechanism of the consecutive methylation reac-
tions in more detail. We show that RosA has a
topology similar to other SAM-dependent methyltrans-
ferases, containing a mainly m-helical “orthogonal bun-
dle domain® and a Rossmann-like fold. Determination
of the three-dimensional structure alse enabled us to
locate the binding sites for the substrates AF and
SAM. In addition, we performed steady-state and
rapid reaction studies, and determined the dissociation
constants for the substrates of RosA as well as for the
products. It was found that AF and 3AM bind inde-
pendently to RosA  according to a random-order
mechanism. The products of the RosA reaction, RoF
and SAH, exhibit higher affinity for the protein than
the substrates AF and SAM do. leading to competitive
product inhibition. RosA s a comparably slow
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enzyme. with a turnover rate (&.,) of 0.06 min ! for
the overall dimethylation reaction. As RoF is a more
potent antibiotic than AF and MAF, the slow synthe-
sis of RoF and the tight binding of products may con-
tribute to protection of the strains 5. davawensiy and
A cinnabarinus from the antibiotic that they produce.

Results

Crystal structure of RosA

Initial attempts to solve the structure of RosA by
molecular replacement were unsuccessful despite a
thorough search for appropriate template structures
using the online tools puyre2 [13], rucue [14] and
caser [15]. Therefore, RosA labelled with selenome-
thionine (SeMet) (seven methionine residues in 353
amino acids) was produced. and the structure was
solved by multiple-wavelength anomalous dispersion
(MAD) using a single tetragonal crystal (Table 1). The
structure (one protomer in the asymmetric unit) was
partially refined to a resolution of 3.3 A, and this
model was then used to solve the structure of a tri-
clinic crystal form (space group F£1) by molecular
replacement. This crystal contained six molecules per
asymmetric unit, and the structure was refined at a res-
olution of 2.2 A yielding final values of & = 20% and
Rree = 25% (Tahble 2).

The RosA protomer comprises two domains: a
mainly w-helical ‘orthogonal bundle domain® and a
Rossmann-like domain («/p twisted open sheet). The
orthogonal bundle (five a-helices and one antiparallel
[i-sheet) consists of residues 1-98. Residues 99-178
form an inter-domain region (five helices) that con-
nects the Rossmann motif to the orthogonal bundle.
The Rossmann motif (residues 179-353) comprises a
seven-stranded [i-sheet core consisting of five parallel
and two antiparallel B-strands, which are connected by
two pairs of a-helices (Fig. 1A). To classify the
domains, we performed a catn database (hitp://
www.cathdbinfo/) search using the CATHEDRAL
algorithm [16]. The orthogonal bundle belongs to the
CATH superfamily “winged helix repressor DNA bind-
ing domain’ (CATH classification: 1.10.10.10; Sequen-

Rlbll}l
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Scheme 1. Tha catalytic reaction of RosA
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Structure and mechanism of RosA

Table 1. Statistics for the Salat MAD datasets. Walues in parenthesas are for the highest-resolution shell.

Paak Inflection Remote
X-ray source 515 XO0EDA-PXIN
Wavelength 1Al 0.4amn 09796 0.89714
Tamparature (K} 100 1am 100
Space group 14,22 4,22 1,22
Call dimansions
a=bh cla) 112.54, 132.27 112,46, 132.48 112.60, 132.27
Resolutian (4) 47.04-3.35 (3.53-3.36) 47.02-3.54 (3.60-3.54) 47.06-3.42 (3.73-3.42)
Tatal number of reflections 166 043 (22 3565 1471 532 (20 431) 156 742 121 751)
Unigue number of reflections G400 (805) a4 (771} G037 (848}
PMultiplicity 258 (27.7) 26.0 (26.6] 26.0 |25.6|
Anomalous multiplicity 142 1310 14.2 (14.1} 14.2 113.7]
Completanass | %) 99.9 (99.7) 100.0 (100.00 59.9 199.6|
Anomalous completeness (%) 99.9 (99.4) 59.9 199.4] 58.9 198.3
Aaim %] 1.3 (6.9 1L0IEn 1.1146.3)
Arrgas {360 6.4 (29.5) 5.2 (29.8] 5.6132.3)
<l )= 48.3 (12.8) 51.1 114.8] 50.0{12.2)
Cliz 1,000 [0.585) 1.000 10.987) 1.000 {0923
cCe 1.000 [0.995) 1.000 10.935) 1.000 10.997)

tial Structure Alignment Program (SSAP) score = 87.6;
RMSD = 2.7 A) and the functional Family “caffeic acid
3-0-methyltransferase 1°. The Rossmann-like domain
was found to be a member of the CATH superfamily
“Vaccinia Virus protein VP39 (CATH classification:
3.40.50.150; SSAP score = 85.4, RMSD = 4.1 A). The
algorithm treated the inter-domain residues as part of
the Rossmann motif.

A PISA analysis [17] predicted that a dimer is the
maost probable oligomer of RosA in solution. This pre-
diction was confirmed by size exclusion chromatogra-
phy (Fig. 2). Dimerization occurs in a head-to-head
arrangement (Fig. 1B), and is mediated by interactions
ol adjacent m-helices of the bundle mouf {residues 1-36
and residues 60-73), the inter-domain =-helices com-
prising residues 101109 and residues 111-126, and one
helix from the Rossmann motif (residues 293-305).

The RosA protomers in the asyvmmetric unit exhibit
very similar structures. Pairwise superpositions of the
Rossmann domains in the six crystallographically inde-
pendent protomers yielded RMSD values in the range
from 0.2 to 0.9 A {for approximately 160 aligned Ca
atoms). The same analysis yielded mean RMSD values
of 0.3 and 0.6 A for the N-terminal and intermediate
regions. The values are slightly higher for superposi-
tions of the entire chains (1.2 FIL} and the three dimers
(1.6 A).

To identify protein structures resembling RosA in
terms of its tertiary structure, we performed a Dali ser-
ver analysis [I8]). The structures with the highest
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Z scores were mitomycin 7-0-methyltransferase from
Steepromyees favendulae (PDB 1D 3GWZ), a probable
phenazine-specific  methyltransferase  from  Psew-
domonas aeriginosa (PDB 1D 2IP2), the CALOI
methyltransferase  from  Miceomonospora echinospara
(PDB ID 32LST). and a caffeic acid O-methyltransfer-
ase from  Sorghum bicolor (PDB 1D 4PGH), with
Z scores of 33, 32, 30 and 30, respectively. These pro-
teins share 21-35% sequence identity with RosA.
Superposition with the most similar structure (3GWZ,
35% sequence identity, T6% guery coverage) resulted
in an RMSD of 3.5 A for the isolated subunit (317 of
324 aligned Cau atoms) and 6.6 A for the dimers (618
of 650 aligned Ca atoms). Superposition of the Ross-
mann domains of RosA (residues 179-345) and 3GWZ
(residues 179-349) resulted in an RMSD of 0.9 A (118
of 160 aligned Ca atoms). This indicates that, despite
an overall low sequence identity, the structure of
RosA, especially the Rossmann domain, closely resem-
bles that of other methyltransferases.

Prediction of the SAM/SAH binding site

Unfortunately. all efforts to co-crystallize RosA with
SAM., SAH, AF or combinations of these compounds
and cofactors were unsuccessful. Therefore. we used
structural bioinformatics methods to locate putative
binding sites for the substrate and cofactor. A cavity
analysis using the program casox [19] yielded several
cavities, but only one of those was large enough to

1533



Structure and mechanism of RosA

Table 2. Dsta collection and refinement

statistics. Values in

parenthesas arae for the highest-resolution shall.

RosA [natea)
Data collection
X-ray source ESRF 10231
Wavalength (A) 1.000
Temperatura (K] 100 K
Space group Pl

Cell dimansions
a, b oclA)
2 oy 7
Resalution [A)
Total number of reflections
Unigque numbsar of retlections

82.72, 82.76, 96.45
a5.1, 887, 114.5
34.77-2.22 (226-2.7237)
168 B33 (3484)

BB TBO (1338}

Muttiplicity 1.500.9
Completeness (%) F7.4033.00
Beim. (%l 3.1 135.8|
Froass %) 4.3 156.2]
<l el 127070
CCia 0.599 [0.756)
cCe 1.000 [0.928)
Refinamant
[ — 0.1843
(2. 0.2485
Mumbsar of atoms 15 787
Protein 15 518
Wiater 269
B-factors 1A%
Protein 661
Wiatar 48.9
All atams 65.8
RMSDs
Bond lengths (4) 0.003
Bond angles (7| 0.620
Ramachandran auwtliers { %) 015
FDB 1D 407K

accommodate AF and SAM, and was located at the
interface between the Rossmann domain and the N-
terminal domain (Fig. 3A).

In addition, the web tools prosite [20], 3pLGanosiTE
[21] and coscn [22] were used to predict and identify
ligand binding regions in RosA. PROSITE identified a
SAM binding region (residue 235-237) in the C-term-
inal Rossmann domain. This finding is in line with
results obtained wusing 3pLiGAnDSITE, coacH and
CaSoX. Jpucannsre identified 25 crystal structures of
proteins structurally related to RosA with bound SAM
or SAH. and predicted 22 residues that are putatively
involved in cofactor binding to RosA. On the other
hand. the program coacn (http://zhanglab.ccmbme-
d.umich.edu/COACH/) found several structures of
methyltransferases in complex with various ligands,
and clustered them according to a confidence score
{C-score between 0 and 1). The best-scored cluster pre-

C. Tongsook et al

dicted 13 consensus SAH/SAM binding residues with
a C-score of 0,54 and a cluster size (total number of
templates in a cluster) of 103, Moreover, coacn gener-
ated a structure of RosA with SAM bound in the pre-
dicted active site. All other ligand-enzyme complexes
had significantly lower C-scores. Among those struc-
tures with C-scores between (L5 and 0.05 were those
with ligands such as N-acetyl serotonin (C-score (.10),
pisatin {C-score 0L08) and 5-(3.3-dihydroxypropeny)-3-
methoxy-benzene-1.2-diol  (C-score  0.05).  Flavin
derivatives such as AF did not occur in these clusters
identified by coacn. However, a cluster with an even
lower C-score of 0.02 contained structures of methyl-
transferases with bound SAH and 4-methoxy-E-rhodo-
mycin. 4-methoxy-E-rhodomyecin resembles AF with
regard to the planar ring system. A comparison of the
modelled RosA-S5AM complex with the structure of
carminomycin  4-2-methyltransferase  from Sirepro-
myees pencetivg (PDB 1D 1TW2), a representative of
the 4-methoxy-E-rhodomycin  cluster, showed that.
despite the low sequence identity of 33%. the Ross-
mann domain and especially the f-sheet core appeared
to be structurally conserved. Therefore, we superim-
posed the [f-sheet core residues of RosA and ITW2
(RMSD 0505 A; 42 of 12 aligned Ca atoms), and
aligned a molecule of AF with 4-methoxy-E-rhodomy-
cin bound to ITW2 (Fig. 4A). The RosA-AF-SAM
complex thus generated was energy-minimized and
analysed in terms of the binding interactions of AF
and SAM (Figs 3B and 4B).

Determination of dissociation constants

Inspection of the AF and SAM hinding sites in the
RosA structure suggested that both substrates, AF
and SAM, bind independently to their respective pock-
ets. Thus we determined the dissociation constant for
AF and SAM by isothermal titration calorimetry
(ITC). As shown in Fig. 5A.C, titration with either
AF or SAM produced exothermic signals that were fit-
ted to a one-binding-site model, yielding dissociation
constants of 10 £ 1 and 22 + 2 pm, respectively. Sur-
prisingly. both products, Le. RoF and SAH. bind
approximately ten times more tightly than the sub-
strates, displaying dissociation constants of 0.8 £ 0.05
and 2 = 0.1 pm, respectively (Fig. 5B.D).

Ternary complex formation with substrates and
products

The catalytic methylation of AF by RosA was investi-
gated by spectrophotometry using a stopped-flow
device and a conventional spectrophotometer,
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Fig. 1. Schematic representation of the
structure of RosA. |Al Cartoon
representation of the RosA protomer,
showing a-helices in red, fsheets n
yellow, and loops in grey. (B) Cartoon
representation of the RosA dimer with one
protomer shown in red, yellow and grey,
and the other in pale blue, green and grey.

kDa

Fig. 2. Datarmination of the purity and
native molecular mass of RosA using SDS/
PAGE and FPLC. (A) Datermination of the
subunit molecular mass of RosA after 97
purification by Ni-Sepharose FPLC was
performad by SDS/PAGE (12.5%). Lane 1,
low-molecular-mass protein marker;

lane 2, crude extract; lane 3, protein
fraction after purification by Ni-Sepharose
FPLC. The subunit molecular mass of 45
RosA was estimated to be 38 kDa. (B)

Deatermination of the native molecular

mass of RosA using Superdex 200 10/300

GL chromatography. (C) Plot of the

partition coetficient (K. against the 30
logarithm of molecular mass of standard

proteins {farritin, 440 kDa; aldolase,

158 kDa; conalburmin, 75 kDa; ovalbumin,

43 kDa; nbonuclease A, 13.7 kDa). The

native molecular mass of RosA (filled 1
circle) was estimated to be 77 kDa.

exploiting the spectral changes that occur during
methylation  [Ag. (AF) =478 nm; k., (RoF) =
505 nm]. At low concentrations of RosA. the final
absorption spectrum features an absorption maximum
at 505 nm, which is characteristic of complete forma-
tion of RoF (Fig. 6A). However. at high concentra-
tions of RosA the maximum at 505 nm is less
pronounced (hypsochromic effect). and additional max-
ima at a shorter wavelength are observed (Fig. 6B.C).
Analysis by HPLC revealed that RoF is the main pro-

Absorption (mAU)

Structure and mechanism of RosA

Elution volume (mL)

duct in both cases. suggesting that the observed spec-
tral changes are due to formation of a complex with
RosA and either SAM or SAH. The observed spectral
differences suggest considerable changes in the flavin
binding site upon formation of a ternary complex, and
the UV/Vis absorption spectra of RoF in various sol-
vents suggest that an apolar environment induces simi-
lar spectral changes to those observed in our
experiments (Fig. 6D). In addition, it is conceivable
that steric restriction induced in the ternary complex
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Fig. 3. Schematic representation of the
predicted binding pocket of RosA. (A)
Surface and cartoon representation of the
binding pocket of RosA predicted using
casox [19]. (B) Cartoon reprasentation of
RosA with predicted binding of AF (shown
as yellow sticks) and SAM {shown as
orange sticks}. Potential hydrogen bonding
interactions are indicated by blue dashed
lines. Water molecules are represented as
red spheres. The distance batween the
reactive methyl group of SAM and the
amino group of AF 15 indicated by a green
dashed line.

Fig. 4. Structure of the putative actwve site of RosA. |A) Close-up view of the supenmposed structures of RosA (shown in yellow) and
carminomycin-4-O-methyltransferase (PDB ID 1TW2; shown in blug). Ligands of 1TW2 (S-adenosylhomocysteine and 4-methoxy-E-
rhodomycin) are shown as blue sticks. AF and SAM are shown in thair predicted binding modes as yellow and orange sticks, respactively.
{8} Closa-up view of the predicted binding pocket of RosA. Potential hydrogen bonding with AF {shown in yellow) and SAM (shown in
orangel 15 indicated by blue dashed lines. Water molecules are represented as red spheres. The distance between the reactive mathyl
group of SAM and the amino group of AF is indicated by a green dashad line.

prevents de-localization of the electron lone pair into
the aromatic system of the isoalloxazine ring, resulting
in the observed hypso- and hypochromic effect. There-
fore, we assume that formation of the ternary complex
generates a more apolar and sterically constrained envi-
ronment in the RoF binding pocket. In order to reveal
the nature of the ternary complex, we also determined
the affinity of RosA for SAM and SAH in the presence
of RoF. As shown in Fig. 7. the presence of RoF
greatly decreases the affinity for SAM. yielding a
dissociation constant of 180 £ 20 pm. whereas the
affinity of SAH is approximately fourfold higher
(Kg = 0.4 = 0.05 pm). Thus the ternary complex with
SAH (product complex) is clearly favoured over a com-
plex with SAM (mixed substrate/product complex).

Next. we performed difference absorption spec-
troscopy to determine the dissociation constants of
RoF from the binary complex of RosA:SAH and
RosA:SAM, respectively, as well as the affinity of AF
for the RosA:SAH complex. The former experiments,
shown in Fig. 8A.B. yielded virtually identical dissoci-
ation constants of 14 + 2 and 15 £+ 2 pum, demonstrat-
ing that SAH and SAM cause similar decreases in the
binding affinity of RoF by a factor of 17-18. In con-
trast to product binding. AF binding to RosA is not
affected by SAH. as the determined dissociation con-
stant of 10 = I pwm is almost identical to that observed
in the absence of SAH (Fig. 9). Table 3 lists the disso-
ciation constants obtained by ITC or spectrophoto-
metric titrations.
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Fig. 5. Binding of AF, RoF, 5AM and 5AH to RosA. Calorimetrc titrations of RosfA with AF (A), RoF (B), 5AM (C) and SAH (D) wars
performad in 50 mw Tris/HCl buftar, pH B.0, containing 100 me MaCl at 25 °C using a YP-ITC systam {MicroCal). The dissociation constants
tar binding of AF, AoF, 3AM and 5AH to RosA were 10+ 1, 0.8 £ 005 22 + 2 and 2 + 0.1 pr, respectively (three independant
measurements for each ligand). Data were analysed by nordinear least-squares fitting wsing oaan varsion 7.0 (MicreCal).

The FEBES Journal 283 12016 1531-1543 @ 2016 The Authors, The FEBS Journal published by John YWiley & Sons Lid on behalf of 1537
Fedaraton a1 European Bisthemical Socklies

144



Structure and mechanism of RosA

C. Tongsook et al

Fig. 6. LWNAis absorption spectra at
warious RosA concentrations. (4, Bl
Spactral changes during the reaction of
5 pra AF and 0.8 mea 54K with 5 and

, L
450 500 550 600

25 pw AosA, respectively. The reactions
were performed in 50 mw TrisfHC buiter,
pH 8.0, containing 100 mra NaCl, in a

single-mixing stopped-tlow
spectraphotometer. [C) A solution of

20 pr AF and 100 pra RosA was pre-
incubated prior to addition of 2 ma SAKM.
All three reactions were run at 25 "C, and
absorption spectra wera recordad fram
350 to 800 nm using a diode array. (D)
Spactra for 25 pa RoF in various solvents
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Mechanistic studies of the dimethylation reaction
catalysed by RosA

With regard to the reaction mechanism, the structure
of RosA as well as the independent binding of AF and
SAM suggest that the enzyme operates by a random-
order kinetic mechanism. as shown in Scheme 2. To
test this hypothesis, we performed a series of pre-
steadv-state kinetic measurements in the stopped-flow
device. In these experiments, different mixing orders
were employed. and the progress of the reaction was
monitored at 479 and 330 nm. As shown in Fig. 10A,
the rate of reaction was independent of the experimen-
tal set-up, Le. whether RosA was directly mixed with
AF and SAM or pre-incubated with either of the sub-
strates. To obtain further insight into the kinetic mech-
anism, we performed a set of steady-state experiments
at various AF and RoF concentrations. As shown in
Fig. 10B, a primary reciprocal plot of the reaction
velocity against the reciprocal SAM  concentration
resulted in a set of converging lines in accordance with
a randome-order mechanism. From a re-plot of the pri-
mary data. Le. slopes and y-axis intercepts versus the
reciprocal AF concentration (Fig. 108, insets), the
Michaelis constants of AF and SAM were deduced to
be 4 and 70 pm, and the k., was estimated as
0.06 min~ ' (Table 4).

As generation of RoF from AF requires two consec-
utive methylation steps, we also wished to obtain
insight into the individual methylation reactions.
Towards this aim, we analysed the reaction under sin-
glesturnover conditions at two different wavelengths

-l,'-.o 500 550 600
Wavelength (nm) ather.

[weater, dimethylsulfoxids (DME0) and
ethyl acetate] and for 15 pa RoF in diethyl

that represent the consumption of the substrate
(=479 nm) and the generation of the product
{# = 530 nm). The reaction of RosA (20 pm) in the
presence of AF (20 pm) was investigated by mixing
with various concentrations of SAM (B0-2000 pu).
The rates of the observed spectral changes at 479 and
530 nm were biphasic, and therefore fitted to two rate
equations (Fig. 11A). The first phase consisted of a
decrease in absorption at 479 nm and a concurrent
small increase at 530 nm (approximately 25%). This
first phase was interpreted to represent monomethyla-
tion of AF to MAF, and showed a hyperbolic depen-
dence on the SAM concentration. vielding a limiting
rate of 0.5 £ 0.05 min~' and an equilibrium constant
of 180 £ 40 pm (Fig. 11B). The second slower phase
corresponded to a decrease at 479 nm and a concomi-
tant increase at 330 nm. This phase showed an inverse
dependence on the SAM concentration approaching
{105 + 0.002 min~' (Fig. 11C). The latter result sug-
gested that monomethylation of AF generates an inhi-
bitory product that prevents binding of SAM. In Fact,
our binding studies have revealed that SAH binds
much more strongly to RosA  than SAM  does
{Table 3). Furthermore, the presence of RoF further
weakens SAM binding but the affinity for SAH is
increased (Table 3). Thus we reasoned that SAH.
which is produced in the first monomethylation reac-
tion, acts as a competitive inhibitor of SAM. To test
this hypothesis, we determined the rate of the methyla-
tion reaction as a function of SAM and SAH concen-
trations. The initial velocities were determined as a
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Fig. 7. Formation of & ternary complex comprising the RosA:RoF
complex with 5AH or 5AM. A} A solution of RosA 25 pa) and
FoF |5 pwl was titrated with SAH [0-3 peab. The absorption spectra
ware  recorded  from 300 to 700 nm using a IS
spectrophotomater. The insst shows a plot of the absorption
change at 485 nm as a tunction of 5AH concentration. A
hyperbalic fit to the eswparimental data yielded a dissociation
constant of 0.4 + 0008 pa. (BY A solution of RosA (25 pw) and RoF
15 uw) was titrated in tandem cuvettes with SAM (0980 ). Tha
inset shows a plot of the absorption change at 486 nm as a
tunction of SAM concentration. A hyperbolic fit to the experimantal
data yielded a dissociation constant of 180 = 20 pa. Both titrations
ware parformed in 50 mea TrisfHCI bufter, pH 8.0, containing
100 mer MaCl.

function of SAM concentration at various fixed con-
centrations of SAH to obtain information on the type
of inhibition. However, this plot did not allow us to
discern the inhibition type, Le. competitive, non-com-
petitive or uncompetitive. As it was shown that SAH
binds more tightly to RosA than SAM does, we used
the linearized Henderson equation for data analysis
[23]. The resulting Henderson plot, as shown in
Fig. 12A. vielded a set of lines that converge on the
1 axis. A re-plot of the slopes. as shown in the inset to
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Fig. 8. Formation of a ternary complex comgprising the HosA5AH
or RosfA5ANM complex with RaF. (8] A solution of RosA (25 prap
and SAH 180 pm) was titrated with HoF (0-12.2 pml. The
absarption changes from the UWMAIs difference titrations wane
recorded from 300 to 700 nm using a UVAis spactrophotometer.
The inset shows & plot of the absorption changa at 510 nm as a
function ot RoF concentration. A hyparbolic fit to the axpanmeantal
data yialded a dissociation constant of 14 = 2 pw. (B) A solution of
RosA (30 pul and 54K (2 mea) weas titrated in tandem cuvettes
with RoF |0-29.2 pwl. The inset shows a plot of the absorption
changa at 510 nm as a function of the RoF concentration. A
hyperbolic fit to the experimental data vielded a dissociation
constant of 15 £ 2 pm. Both titrations were parformed in 50 mm
TrisfHCI bufter, pH 8.0, containing 100 mm MaCl.

Fig. 12A. allows determination of the inhibition con-
stant of SAH as 7 pw. This value is in the same range
as the dissociation constant of SAH in the presence of
RoF. suggesting that MAF and RoF have similar
effects on SAH hinding (Table 3). Thus we conclude
that the observed rate decline of the second kinetic
phase is due to the competitive effect of SAH. with the
limiting value corresponding to kg of SAH.

In a similar set of experiments, it was shown that
RoF is a competitive inhibitor of AF. exhibiting a X
value of 27 pw (Fig. 12B), which represents the disso-
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Fig. 9. AF binds independently to RosA in the presance of SAH. A
solution of RosA (25 puw) and SAH {150 pw) was titrated with AF
10-34.0 pral. The absorption spectra of the titrations were recorded
from 300 to 700 nm using a UNYis spectrophatometer. The inset
shows a plot of the absorption change at 495 nm as a function of
SAH concentration. A hyperbalic fit to the experimantal data
yialded a dissociation constant of 10 £ 1 pw

clation constant of RoF in the presence of SAM (com-
pare Tables 3 and 5).

Discussion

Structure analysis revealed that RosA adopts a topol-
ogy that is characteristic of SAM-dependent methyl-
transferases. Although attempts to obtain structural
information for complexes with AF, SAM and SAH
were unsuccessful, further inspection of the active site
and the AF and SAM binding pockets provided useful
hints for mechanistic considerations that were tested
by binding studies and steady-state as well as pre-
steady-state kinetic experiments. The final biosynthesis
of RoF from AF by RosA is unusual in the sense that
the enzyme performs two consecutive methylations in
the same active site, and hence SAH must dissociate to
make room for another SAM while the monomethy-
lated intermediate, MAF, may remain bound to the
Aavin-binding pocket. This complexity of the overall
conversion of AF to RoF was analvsed by binding
studies as well as kinetic experiments to evaluate the
interaction of substrates and products in the RosA-cat-
alysed reaction. Much to our surprise, our hinding
studies revealed that both products, RoF and SAH,
bind approximately ten times more tightly to RosA
than AF and SAM do (Table 3). Interestingly, the
affinity of RoF decreased approximately 20-fold in the
presence of SAM and SAH. whereas the affinities of
SAM and SAH respond differently to the presence of

C. Tongsook et al

Table 3. Dissociation constants (K, pw) of RosA for AF, AoF, SAH
and S5AM, datarmined by ITC and UMMIS sbsorption titrations.
Values marked with asterisk  were  obtained trom  ITC
measuremants. Values marked with hash symbols [# wars
obtained from UNVVis absorption titrations.

In tha

presanca of  AF RaF SAM SAH

- 10+ 1* 0.8 = 0.05* 22+ 2% 2+ 00*
AoF 180 + 20 0.4 + 0.05*
SAM 15 + 27

SAH 10+ 1" 14 + 2°

RoF. Le. the dissociation constant for SAM increased
approximately eightfold and that for SAH decreased
fourfold. These relative binding affinities clearly sug-
gest that the ternary complex observed in spectropho-
tometric experiments (Fig. &) consisted of RoF and
SAH bound to RosA. The fact that the tightest hinary
complex formed is that between RosA and RoF also
suggested a potential mechanism to control the con-
centration of free RoF in 8. davawensis. It may be
assumed that the concentrations of both SAM and
SAH are too low to form a ternary complex with
RosA:RoF, and thus RoF inhibits binding of AF and
further generation of the product. This scenario is also
supported by the competitive inhibition of the RosA-
catalysed methylation of AF by RoF (Fig. 12). The
resistance of 8. davawensis to RoF appears to be
related to the ability of the rib8 FMN riboswitch to
discriminate between FMMN and roseoflavin-5"-phos-
phate [7]. However, it is not clear yet whether other
additional mechanisms contribute to  resistance in
S davawensis. Therefore. it s plausible that the tight
binding of RoF to RosA constitutes an additional
mechanism  to confer  resistance  towards RoF.
Although it is still unknown how RoF is eventually
secreted, it 1s conceivable that RosA also serves as a
chaperone to guide RoF to the secretion machinery
that is in charge of its translocation from the cell into
the environment.

The X-ray crystallographic structure of RosA sug-
gested that both substrates. AF and SAM. bhind inde-
pendently to their respective pockets. This feature was
confirmed by kinetic experiments that demonstrated a
random-order binding mechanism for the first methy-
lation reaction vielding MAF and SAH (Fig. 10 and
Scheme 2). The rate of monomethylation of AF to
MAF showed a hyperbolic dependence on the SAM
concentration,  vielding a  limiting  rate  of
L5 + 0.05 min ' {Fig. 11B). Surprisingly, the subse-
quent reaction phase was characterized by an inverse
dependence on the SAM concentration, approaching a
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limiting rate of 0.05 £ 0.002 min~" (Fig. 11C). As
noted above, SAH binds tightly to RosA, and its affin-
ity Is enhanced in the presence of RoF (Table 3). It is
likely that the binding affinity of SAH in the presence
of MAF is in the same range, i.e. between 2 £+ 0.1 and
0.4 £ 0.05 pst. and thus the second methylation reac-
tion depends on the rate of dissociation of SAH (k).
This k. appears to be the limiting step for conversion
of MAF to RoF. and therefore the intrinsic rate for
this reaction step is not accessible in our kinetic experi-
ments. A summary of the reaction steps characterized
in this study 15 shown in Scheme 3.

Experimental procedures

Reagents

Adl chemicals and reagents were of the highest purity commer-
cially available from Sigma-Aldrich (51 Louis, MO, USA)
and Merck (Darmstadt, Germany). AF was a generous gift
from Sandro Ghisla (Universitdt Konstanz, Germany). Mi-
NTA-agarose was oblained from GE Healthcare (Little Chal-
font, UK). RosA was over-produced in Escherichio colf, and
purified as previously described [11]. The concentrations of
the following compounds were determined spectrophotomet-
rically. using  these  extinction  coefficients:  AF,
£gop = 420 ma om ™" RoF. egqe = 3101 mm hem ' [24):
SAM and SAH, ga, = 154 moa "em ' [25]; RosA (based on
amino acid sequence) = 27.1 mm L

II'.‘.'IT'I.

Expression and purification

Heterologous production and purification of recombinant
hexahistidine-tagged RosA from 8. devewensis was  per-
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formed as described previously [L1]. E coli Rosetta 2
(DE3) was transformed wsing pETXa(+)ravd-His, (pFI02)
[11]. O of the transformant strains was used (o inoculate
a pre-culture that was aerobically incubated at 37 °C for
I b (200 rpm) in lvsogeny broth contaming 50 pg-mL !
kanamycin. The cells were harvested by centrifugation
(3000 g at 4 °C for 30 min), and washed three limes using
PBS (10 mun per wash at 4 °C). The cells were then sus-
pended in 30 mL PBS and used as an inoculum for a 15-L
bioreactor {Bioengineering AG, Wald, Switzerland). Cell
growth was allowed to proceed for 7 h at 7530 rpm, 37 °C,
with an aeration of I L of oxygen per L of culture per min-
ute in a total volume of 10 L until the cells reached an
absorption at 600 nm of (L8, Svathesis of the recombinant
protein was induced by addition of L3 mu isopropyl-p-n-
thiogalactopyranoside. The culture was further incubated
for 16 b at 30 °C untl] an attenvance at 600 am of 1.2 was
reached. Cells were harvested by centrifugation at 5000 g
4 "Ch.

To produce selenomethionine-containing  hexahistidine-
tageed RosA, the expression protocol for native RosA was
slightly altered. £ cofi BLE34 (DE3) was transformed with
pFI0Z, and mcubated for Th at 37 °C and 200 rpm in
selenomethionine minimal medium [26] supplemented with
50 pg-mL ! kanamycin. The pre-culture was harvested by
centrifugation at 3000 g (4 °C) and used as an inoculum
for a 15-L bioreactor (Bicengineering AG). Svnthesis of the
recombinant protein was induced at when the cells reached
attenuance at 60 nm of 0.8 by adding 0.5 ma
isopropyl-f-p-thiogalactopyvranoside.  Cells were  harvesied
when they reached an attenuvance at 600 nm of 1.2, by cen-
trifugation at 3000 g (4 °C) All cell pellets were [rozen
immediately after harvesting and stored at —80 *C.

an

The enzyme was purified using an AKTApurifier™ sys-
tem (GE  Healthcare). Frogen cell pellets of £ coff
1541
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Fig. 10. Steady-state kimetics of FHosA and substrate  binding
saguence of the RosA reaction. |A). The RosA reaction was
performed at 25 °C in a stopped-flow spectrophatometer using
differant mixing orders tor the substrates AF and 5AM. The traces
shown reprasent AF consumption and BoF formation, respectialy,
at 478 nm [solid lines) and 530 nm (dotted lines). The red trace
represants tha reaction of RosA:AF (5 pva RosA and 5 pw AF) with
80 pra 2AM. Tha blua trace represents the resction of RosAsSAM
|5 uw RosA and 20 pa SAM) with 5 pa AF. The green trace
represants tha reaction of RosA (5 pul with AF |5 pu) ard SAK
180 pra. All solutions wera preparad in 50 me TrisfHCI buftar, pH
8.0, containing 100 mer MaCl. (B) Doubls-reciprocal plot of the two-
substrate kinetics of tha HosA reaction. The emzyme catabytic
assay was performed at 26 °C in a spectrophotomater, measuring
the increase in RoF formation at B30 nm. The reaction contained
5 pv RosA in B0 mes Tris/HCI buffer, pH 8.0, containing 100 mes
Mall plus varous concantrations of AF (20100 pea) and SAM (20—
280 pwl as indicated. Insets 1 and 2 represent secondary plots of
the slope and yawas intercept obtained from the primary plot
against reciprocal AF concentration, resulting in a &59° of 4 pm, a
KA of T0 e, and a k., of 0.06 min~'.

Rosetta 2 (DE3) and BLE34 {DE3) over-producing hexahis-
tidine-tagged RosA and SeMet-RosA. respectively, was
resuspended in 50 mL HisTrap hinding buffer. This buffer
contained 20 mym Na.HPO,, pH 74, 500 ma NaCl and

C. Tongsook et al

Table 4. Kinstic parameters for the RosA reacton.

Parameter Value
KEF fmal 4
KEAM () 0
kg imin~") 0.06

20 my imidazole. and was supplemented with protease
inhibitors (Roche cOmplete™ EDTA-free protease inhibitor
cockiail, Roche, Basel, Switzerland). For purification of
SeMet-RosA, the HisTrap bulfer also contained 2 mwm f-
mercaptosthanol. The cells were disrupted using a French
press (three cycles, 2 = 10" Pa, 10 °C). The cell-free extract
was cleared by centrifugation at 10 000 g for 30 min at
4 #C. The supernatant was again centrifuged at 100 000 g
for 30 mm at 4°C 1o remove cell debris and unbroken
cells. The cleared lysate was filtered (0,45 pm), equilibrated
with loading buffer (20 ma NaHPO,, pH 74, 500 ma
NaCl, 20 mam imidazole, plus 2 ma f-mercaptoethanol for
SeMET-RosA) and applied o a 5 mL HisTrap column
{HisTrap™ HP; GE Healthcare). Gradient elution of the
hexahistidine-tagged protein was performed using 0 to 50%
elution buffer (200 my Na:HPO,, pH 7.4, 500 ma NaCl,
300 mm imidazole, plus 2 mw femercapioethanol  for
SeMET-RosA). Eloted enzyme [ractions were pooled and
desalted using a HiTrap™ desalting column (GE Health-
carel. and equilibrated i a buffer containmg 20 mm Tris/
HCL, pH 8.4, with 2 mv femercaptoethanol for SeMET-
RosA only. To achieve enzyme purity appropriate for
crystallization experiments, an  additional ion exchange
chromatography step was performed. The enzyme [raction
was applied to a Mono( 5/50 GL column (GE Healtheare)
and eluted using a linear gradient from 0 o 100% elution
bulfer comprising 200 mu Tris/HCL pH 8.0, 500 mu MaCl
(plus 2 my f-mercaptoethanol for SeMET-RosA only).
Aliquots of the fractions were analysed by SDS/PAGE with
staining using Coomassie Brilliant Blue R-230. The homo-
eeneous fractions were tested directly for RosA activity (see
below]).

Determination of native and subunit molecular
masses of RosA

To determine the subunit molecular mass of RosA purified
protein was loaded onto SDS/PAGE (12.5%). Protein
molecular mass markers used were Low Molecular Weight
protein markers (GE Healtheare, Little Chalfont, UK) con-
taining phosphorvlase b (97 kDa), albumin (66 kDa), oval-
bumin (43 kDu), carbonic anhydrase (30 kDa), trypsin
inhibitor (20 kDa), and a-lactalbumin (14.4 kDa). The gel
was stained with Coomassie Brilliant Blue R-250 prior to
destaining (0% ethancl, 10% glacial acetic acid in water).

To determine the native molecular mass of RosA gel fil-
tration chromatography at 25 °C was performed. The pro-
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tein solution was loaded onte a Superdex 2000 10/ 340 GL
column attached to a AKTApurifier™ system (GE Health-
care) and then eluted with elution buffer (30 mm Trs-HCIL,
pH B0 comtamning 10 ms NaCl) at a flow rate of
0.5 mLomin ', Protein standard markers used in this exper-
iment were ferritin (440 kDa), aldolase (158 kDa), conalbu-
min (75 kDa), ovalbumin (43 kDa), and ribonuclease a
(13.7 kDa).

Isothermal titration calorimetry (ITC)

All of the experiments to determine dissociation constants
(#y) for AF, RoF, SAM and SAH o RosA were per-
formed at 15 °C in 30 ma Tris/HCL buffer, pH 5.0, con-
tamning 100 mu NaCl using a VP-ITC swvstem (MicroCal,
Northampton, MA, USA) All solutions were degassed
before measurements. Titration experiments for AF and
FoF hinding to RosA (30 pa, 142 mL) consisted of 20
injections (15 pl; duration, 30 & spacing time, 230 5) of a
solution containing 0.6 mv AF and 048 my RoF. Deter-
mination of the &y for SAM and SAH was performed by
titration (20 injections) of 0.35 mm SAM (15 gL duration,
20 & spacing time, 250 &) and 048 mv SAH (15 ul: duras-
tion, 30 & spacing time, 250 5) o a RosA solution (30 pa,
142 mL). The ITC raw data were analysed using OriGN
version 7.0 (MicroCal).

Spectrophotometric titration of RosA with AF,
RoF, SAM and SAH

U¥ /Vis absorption spectra were recorded using a Specord
200 Plus spectrophotometer (Analvtik Jena, Jema, Ger-
many) at 25 “C. To determine the dissociation constants

Structure and mechanism of RosA

for binding of RoF and AF o the RosASAH complex by
means of difference spectrophotometry, ttrations were per-
formed at 25 °C in tandem cuvettes. All solutions were pre-
pared in 50 mm Tris/HCD buffer, pH B0, containing
T st MaCl A solution (0.8 mL) containing  RosA
(25 pat) and SAH (150 pm)y was placed in one of the two
chambers of the sample and reference cell. The other cham-
ber of each tandem cuvette was filled with the same volume
of buffer onlv. After recording a baseline, RoF {0-18.2 pn)
or AF (0-34.0 ) were added o the solution containing
RosA and SAH in the sample cell and 1o the bufler in the
reference cell at 2 min imtervals. Absorption spectra were
recorded from 300 to 700 nm after each titration step. Sim-
ilar titrations of the RosA:SAM complex (30 pa RosA and
2 mu SAM) with RoF were performed by addition of RoF
(0-29.2 pum) 1o the complex in the sample cell and to the
buffer in the reference cell. For determination of the disso-
ciation constants for SAH and SAM from the binary
RosA:RoF complex (25 py RosA and 5 pum RoF). SAH
and SAM were titrated to final concentrations of 3 and
990 pa, respectively. Absorption changes were recorded
from 300 to 700 nm, and were plotted against the concen-
tration of ligands. The dissociation constants were obtained
by fitting the data wsing Levenberg-Marguardt algorithm
(Eqn 1) implemented in the kalginacrard software (Syn-
ergy Soltware, Reading, PA, USA):

 Adga[i]

Ad = —m——
G+ [£]

(1

Steady-state kinetics of RosA

RosA catalyses the N N-dimethvlation of AF to vield RoF
as the final product. Steady-state Kinetic measurements werg

0.4

Absorption at 479 nm =

03!
0.0

”10
Time (min)

wu ggg 18 uondiosqgy

I L

[5AM] jw

Fig. 11. Kinetic reaction of RasA:AF {1 : 1 ratio) with BAM. |Al RBeaction of AosA:AF with 5AM. A solution of RosA (20 pw) and AF (20 pma)p
in 50 mw TrisfHCI, pH 8.0, containing 100 me MaCl, was mixed with various concantrations of SAM [B0-2000 pe), and the reaction was
monitared by the absarption change at 25 °C on a spectrophotomater. All concentrations are shown as final concentrations. The absorption
decraase at 479 nm (et yaas) and increase at 530 nm (nght waxish are shown. (B kg, values for the first phase of the reaction
representing monamethylation step were plotted as a function of concentration of SAM, resulting a rate constant of 0.5 + 0.05 min " with
a Ky of 180 = 40 pea. {C} Plot of ks for the second phase against the concentration of SAM. The plot was fitted by non-linear curve fitting,
consistent with a rate constant of 0.05 + 0.002 min~’
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performed at 25 °C wsing a spectrophotometer. The assay
reaction contained 5 pu RosA, various concentrations of
AF (201000 puw), and varous concentrations of SAM (20—
250 pw) in 50 mw Treis/HCD buffer, pH 8.0, contaimng
100 mm NaCl. Progress of the RosA reactions was momni-
tored at 330 nm (Bsy = 25.2 my lem '), at which wave-
lemgth  RoF  formation  may  be  monitored  without
interference from other chromophores. Initial rates were
obtamed using KINETIC sSTUDID software (TgkK Scientific Lud,
Bradiord-on-Avon, UK). A double-reciprocal plot of the
initial rate and the substrate concentration provides the
steady-state Kinetic parameters, and also provides informa-
tion on the mechanism of a two-substrate enzvime reaction
according to Dalziel’s equation (Eqn 2), in which e/v is the
ratio between the enzyme concentration and the nitial veloe-
itv, [A] and [B] are the concentrations of substrates A and B,
respectively. and @ values are Dalziel’s coefficients [27]

Dy | Dy g

£ .
;=mﬂ+ﬂ+m+m (2]

Product inhibition of RosA

Enzymatic activity of RosA in the presence of the reaction
products RoF and SAH was studied by measuring the ini-
tial rate of the reaction at 2% °C using a spectrophotome-
ter. The assay reaction contained 5 pw RosA, various fixed
concentrations of AF (20-100 pwm) and various fixed con-
centrations of SAM (20-100 pa) in 50 my Tris/HCI buffer,
pH B0, containing 100 ma MaCl Concentrations of RoF
in the range of 0-40 pw were used with various concentra-
tions of AF and a fixed concentration of SAM (250 ).
The inhibition by SAH was analysed at various concentra-
tions of SAH and SAM using a fixed concentration of AF
(200 py). Initial rates were obtaimed from linear data fitting
using KINETIC sTUDED software (Tek Scientific Lud). A Hen-
derson plot of [I]/01 - v/v) and the reciprocal of the frac-
tional initial velocity (vy/v)) (Eqns 3 and 4) was used to
obtain inhibition comstants and information on the inhibi-
tion mechanism [23]:

L TFP(%') +[E] (3)

l—l-':_

and for a competitive inhibitor:

m

k= k(142 ()

In Egns 3 and 4, [I] is the concentration of inhibitor (ie.
RoF and 8AH), v, and v are the initial velocity of a reac-
tion in the absence and presence of a infubitor, respectively,
[E] is the total enzyvme concentration, [S] is the variable
substrate concentration, K, is the Michaelis constant, K
represents the inhibition constant of a tight binding inhibi-
tor and K™ represents the apparent inhibition constant.

C. Tongsook et al

Pre-steady-state reaction studies

The methyvlation of AF bound to RosA was investigated at
various concentrations of SAM at 25 °C using a spec-
trophotometer. Brieflv, a solution of RosA (20 ps) and AF
(20 pa) in 50 msa Tris/HCD buffer, pH 80, contaiming
100 mm NaCl was pre-incubated at 25 °C for 3 min, and
then the reaction was mitiated by adding SAM (final con-
centrations of 80, 200, 400, 1000 and 2000 pn). Progress of
the reaction due to consumption of AF and formation of
the final product (RoF) was monitored at 479 and 530 nm,
respectively. Data analysis of the Kinetic traces was per-
formed using the exponential equations from KINETIC STU-
pie software (TeK Scientific Lid) to obtain the observed
rates (k.). Rate constants were determined from plots of
kope as a function of the SAM concentration using the
Levenberg-Marquardl algorithm implemented in the KaLEl
DAGRAPH soflware (Synergy Soltware).

Stopped-flow spectrophotometric studies

All experiments were performed at 25 °C using an SF-
615X2  stopped-flow  spectrophotometer  (Tgk  Scientific
Lid, Bradford-on-Avon, UK) with a 1 cm path length.
Prior to all experiments, the stopped-low mstrument was
flushed with 50 mm Tris/HCl buffer, pH B, contaming
100 mm NaCl several times. To analvse the effect of sub-
strute binding order on the reaction Kinetics, experiments
with different mixing orders of AF and SAM were per-
formed. Various pre-mixed solutions of RosA, RosAAF or
RosA:SAM complexes were prepared. and then mixed with
solutions containmg AF and SAM. SAM or AF. respec-
tively. The progress of the reactions was monitored at 479
and 530 nm using a KinetaScan diode array detector (Tgk
Scientific Lid).

Product analysis by HPLC

HPLC analvsis of AF, MAF and RoF was performed
using an Atlantis™ dC18 reversed-phase column (5 pm,
4.6 = 250 mm; Waters, Milford, MA, USA) on an Ulia-
mate 3000 HPLC instrument (Dionex, Sunnyvale, CA,
USA) at 25 °C. All samples prepared from RosA reactions
were loaded onto the column and eluted using a multi-step
gradient of W ma formic acid and 100 ma ammonium
formate (pH 3.7)/methanol (03 min, 30% methanol; 3—
20 min, 30-75% methanol; 2022 min, 75% methanol) at a
flow rate of 0.8 mL-min . Detection of AF, MAF and
RoF was performed by measuring the absorption at 479,
490 and 5M nm. respectively.

Crystallization

Crystallization drops containing purified native RosA at a
concentration of 20 mgmL " in 20 ma Tris/HCL pH 8.0,
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Fig. 12. Product inhibition of tha RosA reaction. (&) 5AH inhibition
of the RosA reaction. & Henderson plot for tight-binding inhibition
by SAH with respect to SAM was obtained by plotting A1 - i)
a5 a fumction of wfv at various fixed concantrations of SAM as
indicated. Initial rates of RosA reactions were measured by tha
absorption change at 530 nm over time. The reactions contained
5 pw Rosh, 200 pw AF, warious fixed SAM concentrations (20—
100 pwl, and warious concentrations of 5AH 10, 10, 20, 40 and
80 prap. The inset 1= a secondary plot of KIW. slopas abtained from
the primary plot, against the concentration of SAM yialding a K**
of 7 pri. (B) AoF inhibition of the AosA reaction. A Henderson plot
tar tight-binding inhibitor of product inhibition by RoF with respect
to AF was obtained by plotting 1181 — vy as & function of w'v, at
various fixed concentrations of AF as indicatad. Initial rates of
RosA reactions ware measurad by the absorption change at
530 nm by time. The reactions consisted ot § pw FAosA, 250 pe
SAM, warious fixed AF concentrations (20-100 pwl, and warious
concentrations of RoF (0, 10, 15, 25 and 40 pwl. The inset is a
secondary plot of K™, slopss obtained from the primary plat,
against concentration af AF, yielding & K% of 27 .

S00 my MaCl, were set up with commercially available
screening solutions using the microbatch method on an
Oryx-7 crystallization robot (Douglas Instruments Lid.
Hungerford, UK) at 293 K. Drops were prepared by mix-
ing equal amounts (1.0 pL} of protein and precipitant.
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Table 5. Product inhibition pattern and dissociation constants (&)
of the AosA-product inhibitor complex. Product inhibition was
fitted to the tight-binding inhibitar modsal.

Product Typa of inhibition Ki (pnal
RaF Competitive (AF) 27
SAH Competitive (SAM)

Crystals of native RosA prew within 5 davs afier mixing
the protein solution (in a | : 1 ratio} with a solution con-
taining 200 my sodium chloride, 100 msy Tris/HCL, pH
5.5, and 25% wiv PEG-3350.

The same approach was used to grow crvstals of the
selenomethionine-labelled  derivative.  Equal  amounts
(0.5 pL) of the variant at a concentration of 20 mgmL !
m 20 ms Tras/HCL pH 8.0, 300 my NaCl and 2 mw fi-
mercaptocthancl were mixed with precipitant containing
10 mv MES imidazole, pH 6.5, 20 mu p-glucose, p-man-
nose, D-galactose, L-fructose. p-xylose and N-acetyl-p-glu-
cosaming, 10% w/v PEG-20000 and 20% v/v PEG-MME
5500 28] SeMet-RosA crvstals grew within 7 days afler
crvstallization set-up. For diffraction data collection, crvs-
tals were harvested from their mother liquor using Cryo-
Loops™ (Hampton Research, Aliso Viejo, CA, USA), and
flash-cooled in liguid nitrogen without any additional cry-
oprotection.

Structure determination and refinement

Diffraction data to a resolution of 2.2 A were collected for
native RosA from a single triclinie crystal (space group P1)
at beamling 1D23-1 of the European Synchrotron Radia-
tion Facility (Grenoble, France). MAD data to a resolution
ol approximately 3.5 A were collected at beamline X06DA-
PXII of the Swiss Light Sowurce at the Paul Scherrer Insti-
tute (Villigen, Switzerland). Three MAD datasets were
collected from a single tetragonal SeMet-RosA crvsial
(space group f4,22) at various wavelengths (peak, inflec-
tion, remote) that were determined from an X-ray luores-
cence scan recorded around the selenium absorption edge.
Data processing and scaling for the native and SeMet
MAD datasets were performed using xps [29], scaa and
AIMLESS [30].

The calculated Matthews coefficient [30.31] of the MAD
datasets mdicated a 99.9% probability for the presence of
one RosA molecule per asymmetric unit of the cryvstal. To
identify seleminm sites, the two MAD pipelines auTo-rick-
sHAW [32.33] and pHEMIN AutoSol [34.35] were used. The
combination of these programs vielded first phases and a
partial strocture. These phases were further used as input
phases for the automated chain-tracing/building programs
PHENIY AUTORUILD [36] and succaneer [37] to extend the
model and to mmprove its quality. The combined model of
both rebuilding programs produced interpretable electron
densities,  with  preliminary  values of &= 37% and
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Scheme 3. Suggested reaction schame for the reactions catalysed by RosA based on our binding studies and kinetic measuremeants.

Ripee = 49%0. Ry, values were computed from a set of ran-
domly chosen reflections (3% ), which were not used during
refinement [38]. Structure refinement was performed using
the refinement programs pHENIX REFINE [34] and rErmac
[39]. Model rebuilding was performed using BUCCAMEER
137] and coor [40] by alternate automated rebuilding and
fitting 2F, - F, and
F, — F. electron density maps together with least-squares
optimization.

The improved MAD model was used as an initial molec-
ular replacement template for pHaser [41] to determine the
structure of native RosA in the triclinic crvstal form.
Molecular replacement resulted in six molecules in the

real-space against o -weighted

asymmetric unil. Structure refinement and model building
were performed using PHENIX REFINE [34] and coor [40] by
fitting 2F, - F, and
F, = F. electron density maps and least-squares oplimiza-
tions. Water molecules were placed into the difference

real-space against o -weighted

electron density map, and accepted or rejected on the basis
of peometry criteria as well as refined B-factors. In later
stages of the refinement, four TLS groups per protomer
were defined based on an analysis using the TLSMD weh
server [42]. The final model was refined to R = 20% and
Ripee = 24% . Validation of the structure was performed
using MoLProBTY [43], yielding a Ramachandran plot with
97.20% of the residues in favoured regions, 2.65% in
allowed regions and 0.15% in disallowed regions. Data
statistics and details of structure refinement are given in
Table | {(MAD data) and Table 2 {native data).

Prediction of the SAM/SAH binding site

In order to locate putative binding sites for the substrate
AF and the cofactor SAM. the program casox [19]
together with the web tools prosITE (sequence-based predic-

tion) [20], 3pLGaspsITE (sequence- and  structure-based
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prediction) [21] and coacs (sequence- and structure-based
prediction) [22] were used. The results of the cavity analysis
using casox were compared with consensus ligand binding
residues predicted by PROSITE., 3ouicanosite and coacH.
concH  additionally  generated  putative  enzyme-ligand
model complexes and ranked them according o an intrinsic
C-score. This C-score represents a confidence score Tor the
prediction. C-scores range between 0 and 1, with a higher
score indicating a more reliable prediction. The highest-
rated complex, together with other related methylirans-
fernse structures, were superimposed with RosA (o identily
ligand binding modes. The modelled RosA-ligand complex
was further energy-minimized using the program vasara
with the AMBERO3 force field. employing the standard
optimization protocol [44]. Structure alignments were per-
formed vsing pyyor (hitps:) ‘www_pymolorg/).
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CHAPTER 5

5. Appendix



List of abbreviations

5’-dA-
ADP

AF

AFP
ATP
BHMT
CBS
COMT
CNS
CSE
CH,THF
DAO
dTMP
dUMP
HCD
Hcy
H.folate
HNMT
HO,C-RP
MAF
MAT
MS
MTase
MTHF
MTHFR
OHC-RP
PLP

RoF
RosA
RosB
Rubisco
SAM
SAM-MTase
SAH
TSase

5’-deoxyadenosyl 5’-radical

Adenosine diphosphate
8-amino-8-demethyl-D-riboflavin
8-demethyl-8-amino-riboflavin-5’-phosphate
Adenosine triphosphate

Betaine-homocysteine methyltransferase
Cystathionine -synthase

Catechol O-methyltransferase

Central nervous system

Cystathionine y-lyase

Methylenetetrahydrofolate

Diamine oxidase
2’-Deoxythymidine-5’-monophosphate
2’-Deoxyuridine-5’-monophosphate

Histidine decarboxylase

Homocysteine

Dihydrofolate

Histamine N-methyltransferase
8-demethyl-8-carboxy-riboflavin-5’-phosphate
8-methylamino-8-demethyl-D-riboflavin

Methionine adenosyltransferase

Methionine synthase

Methyltransferase

5-methyl-tetrahydrofolate

Methylenetetrahydrofolate reductase
8-demethyl-8-formyl-riboflavin-5’-phosphate (or CP1)
Pyridoxal 5'-phosphate

Roseoflavin, 8-dimethylamino-8-demethyl-D-riboflavin
N,N-8-amino-8-demethyl-D-riboflavin dimethyltransferase
8-demethyl-8-aminoriboflavin-5’-phosphate synthase
Ribulose-1,5-bisphosphate carboxylase
S-adenosylmethionine (AdoMet)
S-adenosylmethionine-dependent methyltransferase
S-adenosylhomocysteine

Thymidylate synthase
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