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1. Summary

In plants,O-methylation is a common step in the biosyntheaithprays of many naturally
occurring compounds. The enzymes catalyzing meibylareactions of phenolics with a
vicinal dihydroxy systems in plants can be dividetb two major classes, low molecular
weight Md*dependent and the higher molecular weight enzyhmesdo not require Mg for
enzymatic activity. Magnesium depende@tmethyltransferases (OMTs) can be further
divided into two groups according to their subgtrgpecificity. On the one hand a group of
substrate specific Caffeoyl Coenzyme GAmethyltransferases (CCoAOMTS), which were
determined to be one of the key elements in lignasynthesis, can be distinguished. On the
other there is a an array of promiscuous OMTSs, @dhatablan vitro to accept as substrates a
wide variety of chemical compounds with vicinal gilnoxy systems of phenolics. The
representative of the second group is PFOMT - fdpesganoid and flaovonoidO-
methyltransferase. The amino acid sequence anabfsithe members of both groups
indicates a vary high level of similarity. Suchcktng similarity can also be observed at the
structural level. Although very similar, the membesf both groups of enzymes have a
different substrate preference. The first aim a$ twork was to elucidate the mechanisms
governing the substrate specificity of plant®dependent OMTs.

The methylation reactions carried out by plant *’fdgpendent OMTs have very strict
positional preference. The methyl group is tramsféonly to the hydroxyl group located in
meta position of the phenyl ring moiety. Such situatisnnot observed for microbial and
animal enzymes. The animal and microbial countéspair plant M§*dependent OMTSs are
able to methylate the hydroxyl groups in bo#ta andpara positions of the phenyl ring. The
discovery of an algal cation dependent OMT capablaethylation in both positions gave an
opportunity to attempt an explanation of the me@raa responsible for positional specificity
in cation dependent OMTSs. This was the second ttadrtiee thesis.

To address the question of substrate specificipylant cation dependent OMTs a comparison
of the representatives from each group was caoigdThe amino acid sequence alignments
of the Md*dependent OMTs belonging to both groups indicas there are two regions
where the least similarity is found: the N-termirarsl the flexible loop located close to the
C-terminus. The structural data further supporthizpothesis that those parts of the protein
may be responsible for determination of the substspecificity. Artificial proteins were
designed to investigate the influence of the maetibparts on substrate specificity. In this
way the N-terminal hybrid was created combining éerminus of the substrate specific
CCoAOMT from M. sativa with the scaffold of the promiscuous PFOMT. Tot tdse



influence of the flexible loop region a “loop” hybrwas created where the amino acid
sequence coding for the flexible loop of CCoAOMTgioem was introduced into the
promiscuous enzyme. The “double” hybrid is the coration of both previous modifications.
The hybrid proteins were expressed as N-termirsatdg fusions and because the N-terminus
is a focus of the experiments a protease cleavisgevas introduced between the his tag and
the protein sequence. This enabled production ayraes with no tags and determination
whether the his tag has an influence on the enzgraativity. Because of the problems with
expression this procedure was only possible foN#Herminal hybrid and PFOMT.

The artificial proteins were expressed, purified aised to determine the kinetic parameters
towards the compounds commonly accepted as sudsfatthese enzymes. Thggland the
Km app Values were recorded for each of the investigatedein towards five substrates to
produce a substrate specificity profile. The valoesained from the hybrid proteins were
compared with PFOMT antl. sativa CCoAOMT. The inspection of the obtained data
revealed the major influence of the loop part oe #Hubstrate specificity. The Hybrids
containing the loop part exhibited higher catalgfticiency towards the CCoA than caffeic
acid and caffeoylglucose. This fact makes them laimmn catalytic behavior to substrate
specific CCoAOMT, for which the CCoA is the prefmir substrate and caffeoylglucose
together with caffeic acid are very poorly methgtht

The results obtained for the N-terminal hybrid Bees conclusive. Those proteins showed
largely reduced affinity towards all substratesdésin the obtained data the influence of the
N-terminal his tag can be observed. The proteinsrevkhis affinity tag was cleaved off show
Keat reduction towards the caffeic acid and CCoA. Ravdnoid substrates the decrease in
catalytic efficiency was not so pronounced. Takimg consideration the presented results it
can be speculated that the N-terminal residued=GfNPT are responsible for the recognition
of the flavonoid substrates while the mentionedplgmart plays an essential role in the
positioning and methylation of CCoA.

The question concerning the positional specifigity cation dependent OMTs could be
answered by the comparison of structures of thasgymees coming from plants and
cyanobacetia. The SynOMT from cyanobacteriSynechocystis sp. strain PCC 6803 was
expressed ifk. coli cells. While the natural substrate of this enzysneurrently unknown, it
was shown that SynOMT is capable of methylatiotath meta and para positions of the
vicinal dihydroxyl systems. This protein was affynpurified and characterized. Tipara
methylation carried out by SynOMT was discoveredl @moven by the analysis of the

methylation products of an artificial substrate4,3;Trihydroxycinnamic acid. In order to



obtain the structure, SynOMT was successfully gstatlized with caffeic acid and the
methyl group donor (AdoMet) as well as the bivaleation (Mg2). The crystal structure of
SynOMT was determined for the 2A resolution data Because the crystallization setup
included AdoMet, the electron density reveals ¢affacid monomethylation products
(frerulic acid and isoferulic acid) bound in theiee site of the enzyme. The presence of the
two reaction products methylated in different poss of the phenolic moiety further
confirm the unusual positional specificity exhilitey SynOMT.

It was not possible to unequivocally determine phecise structural features of the SynOMT
that contribute to this unexpected positional mietign specificity. One possibility is
provided by the presence of side chains of Hisldl lays176 in the neighborhood of the
propenoic acid moiety, equivalent to Asn and Seheplant CCoOAOMTS, respectively. The
positively charged side chains of those residueg bearesponsible for forming additional
interactions with substrate molecule and immohbgzit in the position where methylation of

the hydroxyl group impara position can take place.



2. Summary in German (Zusammenfassung)

Ein haufiger Modifizierungsschritt, den Metaboliten pflanzlichen Stoffwechselwegen
durchlaufen, ist di®-Methylierung. Die Enzyme die diesen Schritt inapften katalysieren,
lassen sich dabei in der Regel einer von zwei Genppuordnen. Wahrend Vertreter der
ersten Gruppe ein Molekulargewicht von 23 — 27 kbéweisen und flr ihre katalytische
Aktivitat die Anwesenheit Mg-lonen voraussetzen, katalysieren die etwa 38 k@&
groRen Vertreter der zweiten Gruppen den Methylgenpransfer tber einen Kfg
unabhangigen Mechanismus. In Abhangigkeit von ihBerbstratspezifitat werden die
Magnesium-abhangiged-Methyltransferasen (OMTs) dabei nochmals in zweiddgruppen
unterteilt. Dabei handelt es sich zum einen unKditoyl-Coenzym AO-Methyltransferasen
(CCoAOMT), die sich durch eine strenge Substratfipiizauszeichnen und unter anderem
eine zentrale Rolle in der Ligninbiosynthese eirmeh. Daneben gibt es aber auch noch eine
weitere Guppe von Kationen-abhangigen OMTs, wie RPEOMT (Phenylpropanoid- und
FlavonoidO-Methyltransferase) audesembryanthemum crystallinum, fur die durchin vitro-
Versuche aufgezeigt werden konnte, dass sie einentleh breiteres Spektrum an
phenolischen Substanzen mit vicinalen Hydroxygrappals Substrate akzeptieren.
Sequenzvergleiche ergaben, dass Vertreter diegirb&ruppen auf Aminosaureebene viele
Gemeinsamkeiten aufweisen. Auch auf der Ebene daeiRstrukturen gleichen sich die
beiden Enyzmgruppen. Trotz dieser strukturellen &esamkeiten unterscheiden sich die
Vertreter dieser beiden Gruppen jedoch bezlglictr iSubstratspezifitat.

Ein Ziel dieser Dissertation war es daher, aufzekia welche Mechanismen diese
Unterschiede in der Substratspezifitat defivaphangigen OMTs bedingen.

Der zweite Teil der Arbeit fokussierte die Posigepezifitat der von den Kationen-
abhangigen OMTs Kkatalysierten Methylierung. So kenfiir alle bisher untersuchten
pflanzlichen Vertreter dieser Enzymgruppe einengfeePositionsspezifitdt aufgezeigt werden,
wobei sie ausschlief3lich den Methylgruppentranstérdiemeta-Hydroxygruppe des Phenyl-
Ring-Systems ihrer Substrate katalysieren. Tiedachind mikrobiellen Mg-abhéngigen
OMTs fehlt diese strikte Positionspezifitat. Zwaeisen auch die tierischen Catechol-OMTs
(COMTSs) eine starke Préaferenz fur die Methylierwtgy meta-Hydroxygruppe auf, doch
konnen sie in geringerem Mal3e auch den TransfpariaStellung katalysieren. Bei einigen
der prokaryotischen Vertreter konnte, fur einenl Ter untersuchten Substrate, sogar eine
Umkehr der Praferenz hin zur Bevorzugung der Méthyhg in para-Position beobachtet
werden. Einer dieser prokaryotischen Vertreterdist SynOMT aus dem Cyanobakterium

Synechocystis sp. PCC 6803. Im Rahmen dieser Dissertation wdi@&ristallstruktur dieses



Enzyms mit dem Ziel aufklart, durch einen Vergleiohit den Strukturen pflanzlicher
Kationen-abhéngiger OMTs, neue Einblicke in dieulguirellen Hintergrinde fur die
Positionsspezifitat dieser Enzyme zu gewinnen.

Um der Frage nach der Substratspezifitdt der pilemen Kationen-abhéngigen OMTs
nachzugehen, wurden die Sequenzen und Strukturen Wertretern beider Gruppen
miteinander verglichen. Der Abgleich der Aminos&equenzen offenbarte, dass die gréfdten
Unterschiede zwischen den beiden Enzymgruppen iteridinalen Abschnitt und einer
flexiblen loop-Region am C-terminalen Ende auftreten. Die Vermgiulass diese beiden
Proteinabschnitte moglicherweise fiir die beobaeh&ibstratspezifitat verantwortlich sind,
wurde durch die Betrachtung der Strukturinformagiomveiter gestitzt.

Zur Untersuchung des Einflusses dieser Regionen daf Substratspezifitdt, wurden
verschiedene artifizielle Hybridproteine entworfd@ei einem dieser Hybriden wurde dabei
die Gundstruktur von einem Vertreter aus der Umtgnge der Kationen-abhangigen OMTs
mit der geringeren Substratspezifitdt (PFOMT) und dl-terminale Region eines der
Kaffeoyl-CoA-spezischen = CCoAOMT-Proteine M.(sativa-CCoAOMT)  miteinander
kombiniert. Fir die Uberprifung des Einflusses dexiblen loop-Region, wurde im
Weiteren eine Kombination aus der Aminosauresequigses Bereichs ausgehend von der
CCoAOMT mit der Sequenz der PFOMT erstellt. Bei daletzt bereitgestellten Doppel-
Hybrid-Variante, handelte es sich um ein Enzym, dis beiden zuvor genannten
Modifikationen in sich vereinte.

Zur Abtrennung des, fur die Aufreinigung der rekaonaimt hergestellten Proteine bendtigten,
N-terminalen His-Tags, wurde zwischen dem His-Tad der eigentlichen Protein-Sequenz
eine zusatzliche Protease-Schnittstelle eingefitut.diese Weise konnten mittels einer, der
Aufreinigung nachgeschalteten, Protease-Behandiimayme hergestellt werden, die keinen
His-Tag mehr enthielten. Auf Grund von Expressiosobfemen, konnte diese Methode
jedoch nur fur die PFOMT und das N-Terminus-Hybralpin angewendet werden.

Zur Quantifizierung der Einflisse der verschiedenPmoteinregionen, wurden die
rekombinant hergestellten und Uber Metallaffintht®matographie aufgereinigten
Hybridproteine zur Bestimmung der kinetischen Pat@mverwendet und im Anschluss mit
den Parametern der beiden Ausgangsenzyme verglidhei estsubstrate wurden dabei eine
Reihe von Substanzen eingesetzt, die von Vertrel@riveiden Enzymklassen fur gewohnlich

als Substrate akzeptiert werden.



Zur Untersuchung des Einflusses des N-terminalescAhittes bzw. der C-terminaléoop-
Region Md*-abhandiger OMTs auf deren Substratspezifitat, emdybridproteine erzeugt,
in denen die entsprechenden Abschnitte von zweir&fern der beiden Untergruppen auf
unterschiedliche Weise miteinander kombiniert wuardeZur Erstellung spezifischer
Substratspezifitatprofile, wurden die Hybridproteikinetisch untersucht und digad und
Kmapp- Werte gegeniiber 5 verschiedenen Substraten lmestiDurch den Vergleich der
dabei erhaltenen Parameter mit denen der beidemgafgsenzyme (PFOMTM. sativa-
CCoAOMT) ergab sich, dass die Substratspezifitéptsichlich von der C-terminaléoop-
Region bestimmt wird. So wiesen Hybridproteinedanen die PFOMT-Grundstruktur mit
der C-terminalen CCoAOMTeop-Region kombiniert war, eine hdhere katalytischeivitéat
gegenuber Kaffeoyl-CoA (CCoA) als gegeniiber Kafiees oder Kaffeoyl-Glucose auf. In
dieser Eigenschaft glichen sie eher den CCoAOMiesgthe deutliche Praferenz gegentber
dem Kaffoyl-CoA-Ester aufweisen und die korrespenginde Saure bzw. das Kaffeoyl-
Glucose nur schwach umsetzen. Die Ergebnisse deéridéy, in denen der N-terminale
Abschnitt der CCoAOMT mit der PFOMT kombiniert wetdwaren hingegen weniger
eindeutig. Fur diese Proteine konnte eine grundiégeAbsenkung der Affinitat gegentuber
allen getesteten Substraten beobachtet werden.eAasd von den erhaltenen Daten ist ein
signifikanter Anteil an dieser Affinitatsabsenkujegloch auf den N-terminal angefiigten His-
Tag zuruckzufuhren. Fur Proteine, in denen diessfTidg entfernt worden war, konnte eine
signifikante Absenkung deskWertes gegentber Kaffeesdure und Kaffeoyl-CoA bebtet
werden. Fur die eingesetzten Flavonoide war satheimAbfall in der katalytischen Effizienz
hingegen deutlich geringer zu sein.

Zusammenfassend scheint der N-terminale AbscheittRFOMT demnach maR3geblich an
der Erkennung der Flavonoide beteiligt zu sein, nedti der C-terminaleloop-Region eine
entscheidene Rolle bei der Postionierung und Miettiyng von Kaffeoyl-CoA zukommit.

Um der Frage nach den strukturellen Hintergrindendfe Positionspezifitdt der Kationen-
abhangigen OMTs nachzugehen, wurden die Kristakiren einiger pflanzlicher Vertreter
und der cyanobakteriellen SynOMT a@pnechocystis sp. PCC 6803, die eine davon
abweichende Positionsspezifitat aufweist, miteimanetrglichen. Zum Erhalt der SynOMT-
Rontgenkristallstruktur, wurde rekombinant if. coli hergestelltes und Uber Metall-
Affinitatschromatographie aufgereinigtes Enzym masgen mit bekannten Substraten, dem
Methylgruppendonos-Adenosyl-Methionin und Mg als bivalentem Kation kokristallisiert.
Zur Uberprufung der Positionsspezifitat der SynOMiyrde ein Teil der rekombinant

hergestellten SynOMT auferdem auch zur kinetisCerakterisierung verwendet.



Die Fahigkeit der SynOMT, Methylierungen para-Position vornehmen zu kénnen, wurde
durch den Einsatz des artefiziellen Substrates 53 dhydroxyzimtsdure und der
anschlieBenden Analyse der Produkte entdeckt.

SynOMT konnte zusammen mit Kaffeesaugeddenosyl-Methionin und MgGlerfolgreich
kokristallisiert und die Kristallstruktur des Enzgmmit einer Auflésung von 2 A, aufgeklart
werden. Die Zugabe von Substrat, Methylgruppendemat Md* filhrte dazu, dass in der
resultierenden Elektronendichte auch die, im aktiventrum der SynOMT assoziierten,
Methylierungsprodukte der Kaffeesaure (Ferula- usdferulasaure) beobachtet werden
konnten. Das parallele Auftreten dieser beiden, waterschiedlichen Positionen des
aromatischen Ringes methylierten Produkte, istwaiterer Hinweis auf die ungewohnliche
Positionsspezifitat der SynOMT.

Die Frage, welche struktuellen Eigenschaften demCB§T zu der beschriebenen
Positionspezifitdat fuhren, konnte im Rahmen dieBgsertation nicht vollstdndig geklart
werden. Eine Moglichkeit konnte der Austausch eikesservierten Asn- bzw. Ser-Restes
aus pflanzlichen CCoAOMTs durch Hisl74 bzw. Lysl#6 SynOMT sein, deren
Seitenguppen sich in unmittelbarer Nahe zum PrapegasRest des Substrates befinden. Die
positiv geladene Seitenketten dieser Aminosaurerk8hnen fir zusatzliche Interaktionen
mit dem Substrat verantwortlich sein, die ihn imegi Position immobilisieren, wo die

Methylierung inpara-Position mdglich ist.



3. Theoretical introduction

3.1.Principle of the methylation reaction

Methylation in which a methyl moiety is introducedo a chemical compound is one of the
most common chemical reactions that take placévingl organisms. In organic chemistry,
methylation is referred to as an alkylation reattwhere only one Cigroup is delivered
(Morrison et al., 1992). The most commonly used poumds that can deliver a methyl group
are methyl halogens, dimethyl sulfate and dimetaybonate. This reaction is neither regio-
nor stereoselective. In living organisms, methyglatis carried out by specialized enzymes
that are capable of transfer of the methyl growonfia donor molecule, often S-adenosyl-L-

methionine (AdoMet), to an acceptor molecule, tlethyltransferases.

3.2.Classification of methylating enzymes

Within the group of enzymes that catalyze transéactions a subclass of enzymes that
transfer one carbon (E.C.2.1.-.-) is distinguish®egrominent member of this subclass are the
methyltransferases (E.C.2.1.1.-). These enzymedyzatthe transfer of a methyl group from
a donor molecule (usually AdoMet or N5-methylteyditofolate) to an acceptor molecule.
The members of this family are differentiated adaay to the atom that is methylated and the
compound that they methylate. There are four migjoes of methyltransferases;, S, O-
and C-methyltransferased\N-methyltransferases add a methyl group to the genoatom of
an acceptor molecule, which may be an amino acichemoiety or nucleotide hetero
nitrogen. Examples of thod¢-methyltransferases may be histone arginine N-M3ink N-
MT (Guo et al., 2007), adenine®m MT and cytosine ”C MT (Timinskas et al., 1995).
S-methyltransferases usually add methyl functiosuifur atom of cysteine, homocysteine as
well as methionine like betaine-homocysteifanethyltransferase (Rao et al., 1998).
O-methyltransferase methylate the hydroxy group orggé&inally theC-methyltransferases
like Cytosine MiC MT (Timinskas et al., 1995) add the methyl gréophe carbon atoms of

various chemical compounds.

3.3.S-adenosyl-L-methionine (AdoMet) regeneration cycle

The most wide spread methyl group donor molecudel uis nature is AdoMet. It is produced
in living organisms during the activated methylleyor S-methionine cycle (Figure 1) by the
action of methionine adenosyltransferase (Hansail.e2001; Lu, 2000). The methyl group



donor in the AdoMet regeneration cycle is N5-mattyhhydrofolate (5-CHTHF). Once
AdoMet donates the methyl group in a methylatiomact®n it is converted into the
demethylated form S-adenosyl-L-homocysteine (AdgH&jiovanelli, 1987). The AdoHcy
molecule is then degraded to L-homocysteine (Hgythle action of S-adenosylhomocysteine
hydrolase [EC 3.3.1.1], which in turn can acceptie t methyl group from
N5-methyltetrahydrofolate (5-GHTHF) with the help of methionine synthase [EC 2.14]

to produce methionine (Met) and the tetrahydro®ol@HF). AdoMet is regenerated by the
action of methionine adenosyltransferase [EC Bh.In plants there is no evidence that this
process takes part anywhere else but in the cytbealever, regeneration of methionine can
also take part in the chloroplasts (Ravanel ekab4).

Methylated acceptor

Acceptor ‘1(‘\/\/12"%\(

AdoHC; -
\“)\/\‘/\LZ’ ﬁ/ Adenosine
AdoMet .
™ Hey
ATP NH,
“0\“)\/\8/0”3 5-CH, -THF
Met
THF

Figure 1. AdoMet regeneration cycle. The methyl group thattr@ensferred during the
regeneration of AdoMet is colored red. Compounds tlake part in this cycle are Met
methionine, ATP adenosine triphosphate, AdoMet &nadyl-L-methionine, AdoHcy
S-adenosyl-L-homocysteine, Hcy L-homocysteine, Axdame, 5-CH-THF
N5-methyltetrahydrofolate, THF tetrahydrofolate.

3.4.The relevance of methylation in nature

Methylation is a chemical reaction widely spreadature. Enzymatically catalyzed addition
of a methyl group can be found in many biochemiathways and processes. A few



examples may illustrate their relevance in DNA amatein modification as well as
decoration of smaller molecules.

Methylation of DNA is usually performed on adena@sior cytosine nucleotides. DNA
methylating enzymes use AdoMet as a methyl grouppdand can be divided into different
groups accordingly to the reaction they catalyrethis way, there are adenine-n6-DNA-
methyltransferase (EC 2.1.1.72) that generate Ntbwtezlenine, the cytosine-n4-DNA-
methyltransferase (EC 2.1.1.113) generating N4-yphejtosine and cytosine 5-
methyltransferase (EC 2.1.1.37) that produce CHhwphettosine.

In prokaryotes, DNA methylation plays an importaote in the restriction modification
system, which is used for protection against forel@NA (Gromova et al., 2003). A
methylation pattern specific for a given organissncreated. This specific methylation of
DNA molecules protects it from digestion by enddeases. Any foreign nucleic acids whose
methylation pattern is different will be readilygtaded (Noyer-Weidner et al., 1993).

In plants as well as in animals, methylation of Diglays a role in the regulation of gene
expression by modification of cytosine residues dgm et al., 2002; Haines et al., 2001;
Pradhan et al., 2003). Cytosine methylation in mafsnalso plays a role in regulation of
development. The mutation in DNA methyltransfergsee or in the proteins interacting with
methylated DNA may lead to sicknesses such as @FRett syndrome (Bestor, 2000). The
hypomethylation of DNA can lead to chromosome ipidity and increased mutation rates
(Jones et al., 2002).

Upon translation, proteins often undergo chemicatifications which include addition of
chemical moieties, linkage to other protein molesulia disulphide bonds as well as
chemical modification of amino acid residues (degation of glutamine and asparagines).
Methylation of proteins is also one of their seV@a@st-translational modifications (Krause et
al., 2007) and is usually carried out on lysineaaginine residues. Methylation is one of the
modifications of histone proteins (Bauer et al.020Strahl et al., 2000) that alter the
chromatin structure and thus influence many of gangrocesses, such as gene expression
(Zhang et al., 2001).

Methylation reactions take part in a way that lgviorganisms utilize COto synthesize
complex chemical compounds. Under anaerobic camditimicroorganisms utilize the
reductive acetyl CoA pathway known as Wood-Ljunddathway (Menon et al., 1999) to
fix COs..

Methyltransferases are also involved in amino aeidtabolism. Betaine-homocysteine

methyltransferase is involved in the productionnoéthionine and dimethylglycine from
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homocysteine and betaine (Szegedi et al., 2008reThre only two known enzymes in
mammals that are capable of methylating homocyst@arrow, 1996). It is speculated that
the defective betaine-homocysteine methyltranséeragay among other factors contribute to
genetic disorders associated with faulty metaboligi homocysteine. Glycine N-
methyltransferase is another example of a metmdfesiase involved in amino acid
metabolism (Garrow, 1996; Luka et al., 2002). T@nigyme catalyzes the addition of a methyl
group to a glycine. As for majority of methyltraesdses this AdoMet is the methyl group
donor. Glycine N-methyltransferase is importantredat in regulation of the amounts of
methionine and AdoMet/AdoHcy ratios in the bodiéammals.

The biological activity of many chemical compoundsalso controlled by methylation.
Bioactive molecules such as hormones or signalicaymolecules (neurotransmitters) are
inactivated by the addition of a methyl group. Mddiion is also able to regulate the
biological activity of exogenous compounds (Zhalet1994). The transfer of a methyl group
in this reaction is proposed to be the means offlglgi between the active Col and inactive
Coll state of cobamide-dependent methyl carrietggnaCFeSP.

Enzymatic addition of a methyl group can be obsgmhering the synthesis of many natural
compounds e.g., creatine (Walker, 1960) or phogiyiaholine (Pessi et al., 2004; Vance et
al., 1988). The process of an addition of a methylup takes also part in biosynthetic
pathways leading to production of many chemical poumds which include important
cofactor molecules. Among the most important orresubiquinone (Avelange-Macherel et
al., 1998; Poon et al., 1999), antibiotics in maxganisms, and secondary metabolites found
in plants, such as subunits of lignin monomers @mpounds responsible for pigmentation
and scent of flowers (Lavid et al., 2002). Metraptsferase activities in plants have also been
identified to be connected with adaptive processgsants such as cold acclimation (Ndong
et al., 2003) and pathogen response (Zubieta, 1Gf3).

3.4.1.0-Methyltransferases

As mentioned earlier the enzymes that transfer tayhgroup to an oxygen atom are called
O-methyltransferases (OMTs). This group of enzymespissent in all organisms.
Modification by an addition of a methyl group t@®ygen atom is a common reaction in the
secondary metabolism of plants and microbes. Entignnaethylation catalyzed by OMTs

can be carried out on hydroxyl and carboxyl groxpgen atoms.
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3.4.2.Animal O-Methyltransferases

Regulatory functions performed by action of varicompounds in animals may be controlled
by methylation. The prominent example of such dasthe action of mammalian catechol
OMT (EC 2.1.1.6). This enzyme catalyzes the metlofiaof vicinal dihydroxy systems like
those found in catechol estrogens, dihydroxyindiwiiermediates of melanin, catecholamine
neurotransmitters such as dopamine or norepineplamad epinephrine. It was first described
in 1958 by J. Axelrod (Axelrod et al., 1958), wlader in 1970 was awarded the Nobel prize
for his work on neurotransmitter metabolism. Me#tigln of neurotransmitters serves as a
means of regulation of their biological activityhd catechol OMT from rat (rOMT) was the
first Mg?*dependent OMT from animals to be characterizedcstrally (Vidgren et al.,
1994). Deficiency in the action of this enzyme nhegd to many neurological diseases. The
polymorphism in the gene encoding catechol OMTmiplicated in schizophrenia (Herken et
al., 2001). Together with its regulatory functiohist enzyme is also responsible for
inactivation of foreign substances in the liver (&t al., 1994).

Another example of an important OMT found in vayielf organisms is L-isoaspart@-
Methyltransferase OMT. This OMT is responsible foe repair of proteins containing
abnormal (L-isoaspartyl) residues which are resaftsspontaneous aging. These protein
repairing enzymes are found in wide range of omggasiincluding animals, plants as well as
microbes (Kagan et al., 1997; Mudgett et al., 199Gpar et al., 2000). The study carried out
on Caenorhabditis elegans larvae deficient in L-isoaspartyl OMT (Gomez et, &007)
showed that the larvae lacking this OMT have lowarvival and recovery rate after
incubation in M9 medium without nutrients than wilgpe ones. The OMT deficient larvae
were also observed to show decreased longevitytisfue preparations from mice with
downregulated levels of this enzyme the accumulatid the substrates for L-isoaspartyl
OMT (protein molecules containing L-isoaspartylidees) was found. Those animals also

showed retarded growth and succumbed to fatal = Zim et al., 1997).

3.4.3.Plant O-Methyltransferases

In plants,O-methylation is a common step in the biosynthetithpays of many naturally
occurring compounds. Methylation reactions are irfga steps in a wide network of
enzymatic reactions referred to as phenylpropameédabolism (Hahlbrock et al., 1989).
Among the many products of this set of metabolithpays are flavonoids, alkaloids and
polymers like lignin. OMTs that play a very impaortgoart in lignin biosynthesis. It is, after

cellulose, the second most abundant biopolymerainire. Its composition and amounts is
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very important for the paper industry as well asiiag. Attempts have been made to produce
transgenic plants with reduced lignin content byaiegulation of enzymes taking part in
early steps of the biosynthetic pathway (Anterdlale 2002). Lignin biosynthesis is thought
to occur through a metabolic grid (Figure 2) (Humgyls et al., 2002) where, among other
reactions, methylation of caffeic and 5-hydroxyferacids and their derivatives takes place.
The most important OMT involved in this biochemigahthway is caffeic acid OMT
(COMT), which is capable of methylation of caffeaad its corresponding aldehydes and
alcohols. This enzyme which does not require albntacation for activity and, in principle,
is able to perfornin vitro all methylation reactions during lignin biosyntlseEdwards et al.,
1991).
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Figure 2. Schematic diagram showing the biochemical pathvueading to the production of
lignin precursors (Humphreys et al., 2002). Reastithought to be key in lignin biosynthesis
are indicated with black arrows. The most prominestthway leading to the production of
lignin is shaded in blue. Enzyme abbreviations ud€l., 4-(hydroxy)cinnamoyl CoA ligase;
C3H, p-coumarate 3-hydroxylase; C4H, cinnamate 4-hydmsg] CAD, cinnamyl alcohol
dehydrogenase; CCoAOMT, caffeoyl Co@-methyltransferase; CCR, cinnamoyl CoA
reductase; COMT, caffeic acid/5-hydroxyferulic aci®-methyltransferase; CQT,
hydroxycinnamoyl CoA: quinate hydroxycinnamoyltreerase; CST, hydroxycinnamoyl
CoA: shikimate hydroxycinnamoyltransferase; F5H,rufee 5-hydroxylase; PAL,
phenylalanine ammonia-lyasCCo0A3H, p-coumaryl CoA 3-hydroxylase; SAD, sinapyl
alcohol dehydrogenase.
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However, downregulation experiments of COMT showved it is not the case vivo (Guo et
al., 2001). Several investigations point to an faoidal magnesium dependent CCd
methyltransferase (CCoAOMT) as an important enzymelved in this pathway (Parvathi et
al., 2001; Ye et al., 2001; Zhong et al., 1998; @het al., 2000). This enzyme is at present
thought to play a central role in this pathway.

In addition to lignin biosynthesi€)-methylation is also an important step in productid a
variety of metabolites essential to plant growtll alevelopment. The addition of a methyl
group to different chemical compounds renders there volatile. An interesting example of
a biosynthetic pathway where OMTs activity is calics the formation of volatile compounds
in plant leaves and flowers. Methylations take eladuring the synthesis of 3,5-
dimethoxytoluene in the rose flowers. This compoumakes up almost 60% of the total
volatiles in some rose varieties. Biosynthesis ¢b-dmethoxytoluene involves two
subsequent methylation reactions catalyzed by tatindt OMTs (Lavid et al., 2002). In this
way orcinol is converted to its methylated derivati3,5-dimethoxytoluene. Both reactions
are catalyzed by related enzymes with differentssake specificities. Those two enzymes
share 96.5% identity at the amino acid level. Itsveletermined that a singe amino acid
mutation is sufficient for the change of substisecificity between those OMTs (Scalliet et
al., 2008).

The function of OMTs in production of plant flavaxad scents is not restricted to roses. The
products of the phenylpropanoid pathway are alsofleeoring elements of many herbs. An
elegant example may be the reaction of eugenol Gid chavicol OMT in sweet basil
(Gang et al., 2002). The products of the methytati@action, methyleugenol and
methylchavicol are used as food flavorings andrasponsible for spicy flavor and “clove-
like” aroma of basil and also other herbs.

Flavonoids are another very important class of ammps in plants. These products of the
phenylpropanoid metabolism besides their antioxelaictivities act as antimicrobial defense
compounds, allelopathic agents and regulatorsasftgirowth and seed germination (Aliotta
et al.,, 1993). There is a great abundance of metiyl flavonoid derivatives in plants
(Ibrahim et al., 1998). Methylation of the reactiygdroxyl groups is thought to be
responsible for reduction of the toxicity of thosempounds. Enzymes that catalyze
methylation of hydroxyl groups of flavonoids haveebh known for over two decades (De
Luca et al., 1985). Methylation of flavonoids maekf their solubility and therefore, controls

their intercellular compartmentalization.
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The action of flavonoids is usually accreditedheit antioxidant activity. The production of
flavonoids is often a part of a general stressaesp. Flavonoids accumulate under stress
conditions that include pathogen attack, low terapge and high UV radiation (Gregersen et
al., 1994; Winkel-Shirley, 2002). The UV-B absorpiqualities of those compounds are
thought to be responsible for accumulation in respoto elevated UV-B radiation levels.
Plants protect themselves by accumulation of flawds together with their glycosylated and
methylated conjugates in the epidermal tissuescKmat of chalcone synthase and chalcone
isomerase, enzymes that play a crucial role inbibeynthesis of flavonoids iArabidopsis,
produce UV-hypersensitive phenotypes (Li et al.93)9 Similarly a UV-B resistant
Arabidopsis mutant found to accumulate high levels of flavalsoand other phenolics, was
known to exhibit an upregulation of the chalconetegise gene (Bieza et al., 2001). There is
an indisputable involvement of flavonoids in the xbjection of plants, however it is not
known whether a specific structure of flavonoidasponsible for the protective effects or an
entire array of compounds is involved.

OMTs in plants can be divided into two major classbe higher molecular weight enzymes
that do not require Mg for enzymatic activity and low molecular weight fMdependent
ones. As described above the cation independegtregszare known to have many functions.
They methylate flavonoids, coumaric and caffeicda@s well as alkaloids. The COMT
known to take part in the lignin biosynthesis seay important member of this group. On the
other hand there is a class of low molecular welgt'dependent OMTs. Cation dependent
OMTs methylate substrates sharing a phenolic moaetly vicinal dihydroxy system, like
those found in quercetin or caffeic acid. This grancludes substrate specific CCOAOMTS,
responsible for methylation of CoA esters durirgmin biosynthesis. Among Mtpependent
OMTs a promiscuous OMT frorvlesembryanthemum crystallinum, can be found (lbdah et
al., 2003). This plant commonly known as the icanpl responds by accumulation of
betacyanis and elevated levels of methylated aycbgl/lated flavonol conjugates to elevated
light radiation. This CCoOAOMT-like protein which waurified from UV irradiated leaves of
this plant was found to exhibit a broad substrgiecsicity, accepting caffeic acid, caffeoyl
CoA, flavonols and their glucosylated derivativeSuch broad spectrum of accepted

substrates was found to be a novelty among cagpertient OMTSs in plants.

3.4.4.Microbial O-methyltransferases

In various bacteria and fungi, ti@methylation is involved in antibiotic (Bauer et,a988)
and aflatoxin (Keller et al., 1993; Yabe et al.82P synthesis. Other secondary metabolites
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such as isobutyraldoxime methyl ether, may alscsddestrates for enzymatic methylation
(Harper et al., 1985). Catechol OMT-like proteinswadso found in the fungu&reptomyces
griseus (Dhar et al., 2000). This enzyme belongs to thé Mependent group and it accepts
various catechol substrates as well as coumarid<afieic acid. M§‘dependent OMTs are
also involved in the biosynthesis of tylosin, a nadide antibiotic (Kreuzman et al., 1988).
The recent structure of a microbial OMT (Hou et 2007) shows high similarity to the plant
Mg**dependent OMTs.

3.5. The three dimensional structure of proteins as a tl for studying protein functions

3.5.1.General structure elucidation techniques

There are many of techniques that can be used tfactsre elucidation of chemical
compounds. One of the techniques employed is Nudlzagnetic Resonance (NMR). This
technique is based on the magnetic properties aadtgm mechanics of atomic nuclei. The
nuclei of atoms that have an odd number of protmmgeutrons posses an intrinsic property of
spin (Morrison et al., 1992). For those atoms, wpkated in an external magnetic field, the
resonance absorption will occur at the frequendyiciv matches the energy requirement for
the nucleus to change between the two spin st&tes. absorption is recorded during the
NMR experiment. The neighboring atoms influence frequency at which resonance
absorption takes place. By knowing the influencetlé atomic neighborhood of the
absorbing atom it is possible to obtain the stmectf the chemical compound. This technique
was used to determine the structure of small médecu_ater when more sophisticated
equipment was developed and methods of obtainiatppgcally labeled proteins it was
employed to determine the three dimensional strastof proteins (Wuthrich, 1990). The
present limitation of this technique is the sizeéhaf investigated protein molecule.
Cryo-Electron microscopy is another technique whatlows the determination of three
dimensional structures of proteins and their comgde(Frank, 2002). The basis for this
technique is imaging of biological samples by etattmicroscopy under the temperature of
liquid nitrogen. The low temperature ensures tregadte stability of the investigated sample.
The molecule of interest is present in the samplenultiple copies which assume different
spatial orientations. The recorded images of theepr molecules show them in different
orientations. Such state can be described as sdriggd body movement of a single object.
The collection of images can then be assembledetd & complete three dimensional picture

of molecule's surface. This simplified explanatidaes not mention all the complicated
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mathematical procedures and difficulties involveduse of cryeelectron microscopy to
elucidate the structures of single biomoleculegotectron microscopy is usually employed
to study large complexes of proteins which would tbe difficult to investigate using
different methods. This technique is often combimgth the other structure elucidation
methods (Topf et al.,, 2005). The models of protebsained by other methods may be
assembled together to form a structure that wasmé@ted with electron microscopy.
Homology modeling, also referred to as comparativedeling, should rather be called
structure prediction rather than elucidation teghei This method is based on already known
structures and assumes that proteins of similan@aracid sequences will also have similar
fold (Chung et al., 1996). The amino acid sequearidbe target protein is compared with the
sequences of related protein of known structure Jimilarities detected at the amino acid
level allows the assumption of similarity in 3D wstture (Marti-Renom et al., 2000). The
amino acid sequence if interest is compared withyns@guences present in databases. Out of
those a template for the protein fold is selectéuds step includes preparation of an alignment
between the template and the sequence of intetess. advantageous to use multiple
templates when assigning the fold of the proteinsuch case the structural alignment of the
templates is carried out first. Once the templatassigned to the target sequence the building
of the model can start. The positions of side chaire predicted using the information from
related structures as well as the geometrical apcgetic restraints.

When the amino acid sequence of the protein ofreéstehas a very low similarity to
sequences of known structures the modeling metbasisd on sequence comparison may fail
to predict the correct fold of the target sequericesuch case fold recognition or threading
may be employed. This method is based on a thedighwstates that there is a limited
number of protein folds. In order to carry out #dimg a library of unique representative
structures is searched for structure analogs ttatiget sequence.

Modeling methods also includ initio- or de novo- protein modeling (Bonneau et al., 2001;
Bonneau et al., 2002). This method bases on erfangyion rather than similarity to known
structures to obtain a three dimensional modehefgrotein. The computational approaches
try to simulate the process of protein folding witle use of molecular dynamics simulation.
A physically reasonable energy function is optirdizieiring this process. Those methods are
very demanding in terms of computing power andrexw used to predict the structures of

small proteins.
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3.5.2.X-ray crystallography

Among the available structure determination methaugstallography is the most widely
used for biological macromolecules. The structustemination workflow begins with
crystallization of the purified proteins. Crystalition can be seen as a special case of
precipitation. Crystals, whether protein, small aig compounds or inorganic salts are a
form of precipitate with highly ordered structute.order for the crystals to grow a solution
of protein is mixed with a solution of precipitagiagent at a concentration just below the one
sufficient for precipitation of protein. A precipting agent is a chemical substance which
decreases the solubility of the protein such as amum sulfate or polyethylene glycol.
Subsequently the conditions are slowly changedrittglithe concentration of protein into a
super saturated stage at which the crystal grow#ly mccur. The most widely used
crystallization method for proteins is vapor diffus (Figure 3) . Drops of protein and
precipitant solution are mixed together and plaabdve a large reservoir of precipitant
solution in a sealed vessel. The diffusion of wasgror between the drop and the reservoir is
the means of approaching the supersaturation ¢onslitThe driving force of this process is
the difference between the precipitant concentnaitiothe protein drop and in the reservoir
solution. Other approaches to achieve supersatusatations of proteins include dialysis and
free interface diffusion. The protein — precipitaotution is dialyzed against the solution of
precipitant of higher concentration. During diaty¢ghe membrane plays a similar role as
diffusion of water vapor. The free interface diffus method is based on the diffusion of
precipitant into the protein solution on an intedabetween two solutions with high
differences of viscosity. In this manner, a gratlieh precipitant is formed and suitable

conditions for crystal growth are achieved. Thigipas usually performed in capillaries.

A B Cc D

Figure 3. Commonly used setups for protein crystallization- &itting drop vapor diffusion,
B — hanging drop vapor diffusion, C — microdialysi3 — free interface diffusion. The
crystallization solution is colored violet whileetlprotein solution is blue. The purple arrows
represent the diffusion of water during the crystation.
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The second step in the process of structure detation is collection of the diffraction data.
The X-ray diffraction experiment is performed aheé diffraction images are recorded. The
crystal is usually mounted in the stream of coalétbgen at 100K. Freezing of the crystal
protects it from radiation damage and allows fanger data collection times. Once the
diffraction experiment is performed the diffractimnages are merged and scaled.

The major problem encountered when attempting terdene the structure of a protein by
crystallography is the inability to measure the ggsaof the diffracted beams. In order to
calculate the electron density, into which an atomodel of the protein structure is built two
parameters are needed: the amplitude of the difdabeam and its phase. During the
diffraction experiment only intensities are meadufEhe missing phase information has to be
obtained from other sources. There are two majpragehes to solve the “phase problem”
the direct methods and methods basing on a Pattéusation. The firstly mentioned direct
methods employ statistical relationships to disestblve the phase problem by the use of
phase relationships based on the observed inenisithe assumption for this method is that
the crystal is made of similarly shaped atoms wihiekie positive electron density around
them. Hence there is a statistical relationshipvbeh the sets of structure factors. Latter
methods, as mentioned, employ the Patterson funa® a basis for solving the phase
problem. The Patterson function is a Fourier tramsfof structure factors calculated only
with intensities. The intensities, which are theuagd amplitudes, can be measured
experimentally. The result is so called Pattersap,nwhich is a map of vectors between
atoms.

There are three major methods that employ the iBattefunction, heavy atom methods,
MAD (Multiple wavelength Anomalous Diffraction) amdolecular replacement. Heavy atom
methods are based on the presence of stronglaclifig atoms in the protein crystals. The
position of those atoms can be identified and ses/@ reference for the rest of the protein
structure. There are two ways of introducing sthpmliffracting atoms, such as Hg, Pt or Au,
into the crystals of proteins. The first one islsog of the crystals in the solutions of ions of
heavy atoms. During soaking the ions or ionic caxes of heavy atoms enter the solvent
channels in the crystal and interact with the pnotdn example of such method can be
Isomorphous replacement. The other way is co-digsthon of proteins with compounds
containing heavy atoms. If the protein is knowrbied any ions or ligands it is advantageous
to include them in the crystallization solution.c8uadditives not only stabilize protein but
also may help in structure determination. Prosthgtioups binding Fe or Zn may be a

prominent example.
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MAD is a method of solving the phase problem tHab @mploys use of heavy atoms. The
principle underlying this method is the fact thabmas present in the structure of the
investigated protein can absorb X-rays of a certary specific wavelength (Walsh et al.,
1999). This phenomena happens when the wavelefdtie o(-ray photon is close to that is
close to that of an electronic transition in a kbwatomic orbital. electronic transition. It
perturbs the amplitude and phase of the diffractechys and gives rise to anomalous
scattering. The effect of anomalous scatteringsfoall atoms is negligible and can not be
easily measured. However, for the heavy atoms alvarmascattering can be recorded and
measured. For non-centrosymmetric structures, themalous scattering causes the
differences in the intensities of the symmetry tedareflections. Friedel's law, [I(hkl) = I(-h-
k-] no longer holds and the resultant intensiiffedlences can be used to obtain phase
information. One of the most commonly used methimdsobtaining a heavy atom protein
derivative suitable for MAD is production of selenethionine crystals where the protein
contains selenium atom instead of sulfur in thelmogine residues (Doublie, 1997).

If a molecular model of a similar protein is avhiit may be used to provide the initial
estimates for phases for a new protein. Such tqaknof obtaining phase information is
called molecular replacement. During this procedtire known protein, called phasing
model, is placed inside the unit cell of a new @it The experimentally measured intensities
and the phases from the model are used to calctiiatelectron density. For the phasing
model a protein should share as much structuraguésece) homology as possible. It is
considered that if the model is fairly complete ahdres at least 40% sequence identity with
the unknown structure, the molecular replacemetitbei fairly straightforward. It becomes
progressively more difficult as the model becomess|complete or shares less sequence
identity.

This approach is especially useful if the objecintérest is the conformational changes when
a known protein binds to small ligands. This unt&rding is based on the assumption that
introduction of the ligand to the protein produeesomplex that is similar in structure to the
free protein. The free molecule is used as a phasiodel for the protein-ligand complex. In
such case, where the similarity of the phasing maeery high, Fourier methods will
suffice.

The major drawback of crystallography as a methédstoucture determination is the
requirement of crystals. The crystallization of gireteins is a major bottle neck of the entire
process. The common obstacles encountered arditinaifi finding proper crystallization

conditions or the inability to produce crystals suffficient quality. Growing of crystals of
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membrane proteins presents a big challenge. Feetlyuite insoluble proteins, it is necessary
to reconstitute membrane-like surroundings with tiedp of additives, like detergents.
Soaking of the crystals may be detrimental to tk&iucture. Radiation damage is the next
factor one must consider when collecting diffractimnages. The X-rays illuminating the
crystal also damage the protein out of which itc@mposed. Data collection at low
temperatures and ability to control the intensitytlee X-ray beam are tools that help to
overcome this problem.

When interpreting crystal structures one must keepind that what one sees is a snapshot of
the reality. Crystal structure captures just omesdf a sometimes very dynamic object. The
crystal environment may influence the conformatéhe protein and the observed situation
may deviate from the actual state. Despite manytditons and pitfalls, crystallography

remains the method of choice for structural studregroteins.

3.6. Structural characterization of Mg®‘dependent OMTs

A number of OMTs taking part in the phenylpropanmétabolism have been structurally
characterized. (Ferrer et al., 2005; Ferrer et 2008; Zubieta et al., 2002). While the
structures of cation dependent and independent OMHA®wv distinct differences, the
structures enzymes within each group are very amfirerrer et al., 2005; Zubieta et al.,
2001). This structural similarity extends to ca@c®MT from rat (rOMT) (Vidgren et al.,
1994), which can be perceived as an animal couatemqf plant magnesium dependent
OMTs. From the group of plant MilependenO-methyltransferases only two have been
characterized structurally (Ferrer et al.,, 2005pyaki et al., 2008a). Both of the proteins
have coreo/f Rossmann fold which provides a scaffold for bigdihe AdoMet cofactor
(Figure 4) (Martin et al., 2002; Schluckebier et 4B95). It consists of A-sheet structure
surrounded by eighti-helices. This structural motive is highly conservamong all
methyltransferases that use AdoMet as a methylpgdomor. (Figure 5)
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Figure 4. The general topology of Mdependent OMTs according to (Martin et al., 2002;
Schluckebier et al., 1995). The centrally plafesheet is surrounded by eightelices. This
structure constitutes the AdoMet binding domainmpown for all AdoMet dependent
methyltransferases.

Figure 5. The structural comparison of OMTSs involved in phenypanoid metabolism. The
alignment of the structures of plant OMTs. Blue COMPDB code 1KYZ) (Zubieta et al.,
2002), green CCoAOMT (PDB code 1SUI) (Ferrer et 2005), pale yellow PFOMT (PDB
code 3C3Y) (Kopycki et al., 2008a) (only monomers ahown) and red for comparison
rOMT (PDB code 1VID) (Vidgren et al., 1994). Thelaed spheres are the bivalent cations
found in the structures of the corresponding prstePlease note the high degree of similarity
for the AdoMet binding domain for all of the strucs.
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The mode coordination of the metal ion which is pnerequisite for the enzymatic activity is
highly conserved. The general scaffold of the a&ctsite and the catalytic machinery is
virtually the same for all M dependent OMTs. Despite the similarities, howetrere are
few structural differences between plant and animgf* dependent OMTs (Figure 6). In
rOMT the first two helices show a distinctly diféert topological arrangement. The position
of helix al in the plant enzymes is in part accomplished dglation between stran@ié and
B7 with respect to the mammalian enzyme and coriggoaignificantly to dimer formation.
This could be to one reason that the plant enzyores dimers while the animal ones do not.
The second notable difference is the presence efettiended Loop region in the plant
enzymes that can support the substrates binditigetactive site of the enzyme.

N-terminus
rOMT

Figure 6. The representation of structural differences betwgdant and animal Mg
dependent OMTs. Pale yellow PFOMT (PDB code 3C3¥9pf/cki et al., 2008a) (only
monomer is shown) and red rOMT (PDB code 1VID) @feh et al., 1994). The spheres
represent the ion bound to the structure. The adidaind stick structure is AdoHcy bound to
the structure of rOMT. The different positioning thie fist two N-terminal helices for both
proteins can be seen.
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Plant OMTs are functional dimers. The active swé<ation dependent enzymes can act
independently from one another (Figure 7). Thisnicontrast to the cation independent
enzymes, where the active site is composed of dbelues belonging to the both subunits
forming a dimer (Figure 8). On the other hand tigh Hlexibility of the N-terminus makes it

plausible that the N-termini belonging to the diéiet monomers communicate with the active

site of corresponding molecule.

Figure 7. Dimer representation of PFOMT (PDB code 3C3Y). §heey spheres represent the
Mg?* binding site and bound AdoMet is shown as cyarkst{Kopycki et al., 2008a).

Figure 8. The dimerization of COMT, a cation independennp@MT. (PDB code 1KYZ)
The monomers are colored purple and red. The Ye#ibeks represent the AdoHcy while
green ones ferulic acid.
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3.7.Mechanism of the methylation reaction catalyzed byg?* dependant OMTs

The reaction mechanism found in magnesium deper@emethyltransferases is based on the
general acid-base reaction. This catalytic mechamss first described in 1994 (Vidgren et
al., 1994) for rOMT from rat. The transfer of theettmyl itself proceeds via any3

(Substitution Nucleophilic Bimolecular) like tratisn state (Woodard et al., 1980). The
reaction involves replacement of the leaving graigh a nucleophilic one. The lone electron
pair from a nucleophile attacks an electron deficedectrophile. In the case of the enzymatic
reaction the nucleophile is the hydroxyl group lo¢ tsubstrate and the positively charged

sulfur atom on the AdoMet molecule is the electeficient electrophilic center (Figure 9).
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Figure 9. Mechanism of the reaction catalyzed by®tgpendent OMTs. The blue arrow
represents the nucleophilic attack

The presence of a bivalent cation is the prereguisi the methylation. The binding of Kfg

is accomplished by interactions of residues AspP&p169, Asnl70, (Figure 10) it improves
the ionization of the two hydroxyl groups of catech.ys144 accepts the proton of one of the
hydroxyl groups, it acts as a catalytic base fer rticleophilic methyl transfer reaction. The
hydrophobic residues Trp38, Trpl43 and Prol74 aeught to form a hydrophobic
environment that facilitates the binding of mogophilic substrates in the active site. These
residues may also determine the positioning of ghbstrate in the active site and thus

determine theneta/para ratio of the methylation with different substrates
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Figure 10.Three dimensional representation of the catalygoter of rOMT from rat
(Vidgren et al., 1994). The blue dashed lines gmethe coordination of the magnesium ion
(gray sphere) by the protein, the yellow ones standhe interactions with the substrate. The
red dashed line represents the interaction of #t@ydic lysine residue while the cyan points
to the carbon atom of the methyl group which isigfarred. The inhibitor dinitro-catechol
present in the structure was replaced with the ocubdeof L-Dopamine, which is to simulate
the real case reaction scenario.

The AdoMet cofactor was determined to bind firstite enzyme, then a magnesium ion binds
to the complex and finally the methyl group acceptmlecule binds as the last step. The
methylation is achieved by a direct nucleophilimek by one of the hydroxyl groups of the
substrate at the methyl carbon of AdoMet (Zhu, 32082similar mechanism of reaction and

cation binding has been postulated in the case€CafAOMT (Ferrer et al., 2005).

3.8. Rationale of the thesis

3.8.1.Substrate specificity of Mg ‘dependentO-methyltransferases

Among plant M§‘dependent OMTs two major groups of enzymes canidiguished: the
substrate specific ones that almost exclusivelyhgiate the CoA thioesters of caffeic acid
(the CCoAOMTS) and the promiscuous ones that mathydaffeic acid itself as well as its
derivatives with similar efficiency. The amino agdquences of the members of those two

groups share a large degree of similarity (Figure 1
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Figure 11.The amino acid sequence alignment of substrateifgpg€CoAOMTs and
promiscuous OMTsM. crystallinum PFOMT andS. longipes OMT). The residues shaded in
yellow are common for all of the sequences, whike anes shaded green are conserved only
among CCoAOMTSs. The secondary structure elemeststaaswn for PFOMT.
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The high degree of similarity between those twougsosuggests the existence of a very
subtle mechanism, which governs the substrate fegpgci Small changes in otherwise
conserved regions may be sufficient to accompligb shift in substrate specificity. The
structure based amino acid sequence alignment &fddgendent OMTs from different plants
shows just how similar those proteins really aresjte the high degree of sequence identity
the substrate specificity for those OMTs is quitéfedent. The observed phenomena
concerning these two groups of OMTSs give rise tomynguestions. What is the mechanism
that determines the substrate specificity? Whaictiral features determine the substrate
specificity? It seems plausible that for both grewb plant OMTs exists a mechanism which
involves a change in small regions of proteins.sTimay be sufficient to determine the
substrate specificity and position of methylatidinthis is the case, which regions of the
protein are responsible for this phenomenon? Magh ssmall variations be a result of
different pathways through which both groups ofyenes evolved? If those mechanisms are
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elucidated it may be possible to predict and eregitiee specificity of OMTs by exchange of
individual amino acid residues or larger fragmaitthe protein structures.

A comparison of an enzymatic speciahdt sativa CCOAOMT and a promiscuous enzyme,
PFOMT enables the detailed analysis of the mechengoverning the substrate specificity.
A model system consisting of those two enzymesrhasy advantages. Both proteins are
well studied (Ferrer et al., 2005; Ibdah et alQ20and no major problems were encountered
during their expression and purification. Moreowe availability of the structures of both

OMTs makes it possible to attempt a rational regiethie substrate specificity.

3.8.2.Position specificity of Mg *dependentO-methyltransferases

Plant Md* dependent OMTs carry out methylation of the vititinydroxyl systems of their
substrates exclusively in tmaeta position of the phenyl ring. Substrate specific)dOMTs
as well as promiscuous OMTs methylate their sutestraxclusively in this position (Figure
12). On the other hand, for cation independent ORlfiesmethylation in thgara position is
not uncommon (De Luca et al., 1985; Kim et al.,, 200n case of animal enzymes the
position of hydroxyl group which is methylated mary. The methylation in positiopara

of the phenyl ring is observed for rOMT (Zhu et, d4994). This positional promiscuity is
observed in varying degree between soluble and merelbound isoforms of this enzyme.

Methylation is less regiospecific with OMT in prakates.

A B
(oH) OH
O Ot O (OH)
O
NS
R
NH,+
@) SCoA

Microbial OMT Plant OMT

Figure 12.Differences in positional specificity between plaartd microbial OMTs. The
methylation carried out by characterized microl@akymes A, is preferentially directed to
para position (marked red) of the phenyl ring. In tlse of plant OMTs B, the methylation is
restricted taneta position (also marked red)
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The recent research indicates an existence of leat€aMT like protein of fungal origin,

thought to take part in the synthesis of saframymitMyxococcus xanthus (Nelson et al.,

2007). This OMT methylates its substrates (L-diloxgphenylalanine and other catechols,
such as caffeic acid) preferentially in positigara of the phenyl ring (Figure 12).The high
stringency in the position to which a methyl groispadded is observed only for plant
enzymes, regardless of the preferred substrate. Qddmning from microbes or animals seem
to show more relaxed behavior. This raises a quesWhat are the key factors influencing
the positional specificity in cation dependent OMTEhe availability of the cyanobacterial
cation dependent OMT provides a unique opportutatgtudy this phenomenon, since the
preliminary tests have indicated that this enzynmeay rhave thepara-methylation activity

towards some phenylpropanoids. A comparison ofttinee dimensional structures of the
plant cation dependent OMT and microbial one mayide information needed to address

the question stated earlier.
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4. Materials and methods
4.1.Molecular biological procedures

4.1.1.Preparation of gene inserts

The inserts coding for the proteins of interestevprepared by PCR reaction carried out
according to the protocols provided by the manuifi@es of the DNA polymerases used. The
proofreading enzymes Pfu DNA polymerase (PromeganrMeim, Germany) or Isis
Proofreading DNA Polymerase (Q-Biogene, Heidelb&grmany) were used. The cDNA
coding for the PFOMT was already available and areg as described in (Ibdah et al.,
2003). The cDNA coding for the SynOMT was also ke, cloned into the expression
vector as described (Kopycki et al., 2008b). Thstrietion sites for the ligation to the vectors
were introduced by proper primer sequences (TapleThe BamH1 restriction site was
introduced at the 5' end of the sequence withahgdrd primer and HindlIl at the 3' end with
the reverse primer. The additional stop codons \added to the reverse sequence to ensure

termination of transcription.

4.1.2.Preparation of gene fragments for hybrid proteins

The DNA coding for the PFOMT — CCoAOMT hybrid pristeeontaining the loop fragment
from M. sativa (Ferrer et al., 2005) was initially prepared framo pieces. The Nhel
restriction site contained in the sequence of nagPFOMT was critical in this procedure.
The N-terminal piece ending with the Nhel site waamaplified from original full length
PFOMT gene with the use proper primers 9, 10, @dh! The DNA sequence encoding the
replaced loop was chemically synthesized (Gen&smgensburg, Germany). The sequence
synthesized by Geneart was provided already cloiméal pPCR-SCRIPT vector. The
fragment of interest was amplified with the usgifers 11, 12 (Table 1). The Nhel site was
present in the sequence, the reverse primer intextluhe stop codons and the Hindlll
restriction site. Both amplified fragments were ntheigested with Nhel. The restriction
digestion reaction products were purified by Agargel electrophoresis. Fragments were
ligated using the Quick Ligation Kit (Promega, Maeim, Germany). The ligation mixture
served as a template for subsequent amplificatidim pvimers specific for PFOMT (Table 1
primers 5 and 6). The products of the PCR readtiabhwere of the appropriate size were then
digested with BamHI and Hindlll in double digestiogaction and ligated to the expression

vector.
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The N-terminal hybrid was obtained by DNA amplifica with a long primer (Table 1). A

proofreading DNA polymerase mix was used for theaction, Platinum Supermix HiFi

(Invitrogen, Karlsruhe, Germany). The 92bp primetraduced the desired N-terminal
sequence into the PFOMT gene. The sequence ofaheHBsite preceding the sequence of
the protein was present in the primer. The reactwoducts were purified by gel

electrophoresis.

4.1.3.Ligation

The DNA sequences were ligated into pQE vectorekmression. Vectors with N terminal
his tag pQE30, pQE9 and those providing C termimaltag pQE60 and pQE70 (Qiagen,
Hilden, Germany) were used for expression of tloeégims. This vector system is based on the
T5 promotor transcription-translation system. Vestof the pQE family feature ampicillin
resistance. The expression of the proteins is obedr by phage T5 promoter, two strong
transcriptional terminatorsy from phage lambda and T1 from the rrnB operok.afoli and
two lac operator sequences (The QlAexpression@iagen, Hilden, Germany). The vector
DNA was digested with the restriction endonucleaBasnHI and HindlIll. The reaction
products were purified by agarose electrophorésis. ligation reaction was carried out with
the use of Rapid Ligation Kit (Promega, Mannheingri@any) according to the protocol
supplied by the manufacturer with the exceptiort tt& minutes incubation time at room
temperature was applied. This reaction mixture uwsed to transform M15 pREP4 (Qiagen,
Hilden, Germany) chemically competent cells (seectiBe 4.2.3 Preparation and
transformation of competert. coli cells). PFOMT protein without a his tag was obgain
with the use of pQE60 and pQE70 vectors. The pisteloned into those vectors were
expressed without C terminal, vector derived hg dae to stop codons introduced into the
DNA sequences with PCR primers.

4.1.4.DNA purification by agarose gel electrophoresis

The DNA amplification and cleavage reactions waralyed by agarose gel electrophoresis
on 1,2% agarose gel. To stain the DNA bands ettmduomide (Roth, Karlsruhe, Germany)
was applied to the gel in a concentration of 0.4mhgThe gels were run in TBE buffer and
visualized under UV light (BioDocAnalyze system,oBietra, Goettingen, Germany). The
purified DNA was eluted from a gel using QIAEX Ikelgextraction kit (Qiagen, Hilden,
Germany) according to the protocol supplied byrtreufacturer. This kit relies on binding
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of DNA to glass beads under high salt conditiond #ren subsequent elution with low salt
buffer.

TBE buffer x 10 concentrate:

108 g Tris base

55 g Boric acid

9.3 g Na4EDTA

Deionised water is added to 1 liter.

4.1.5.Preparation of plasmid DNA

The plasmids were prepared from the expressiomstising QlAprep Spin Miniprep Kit
(Qiagen, Hilden, Germany). The plasmids were isoldtom 10 ml of overnight cell culture.
The standard protocol supplied by the manufactwees used with minor modifications. Two
lysis reactions were applied to a single columaoriter to obtain more DNA. The principle of
isolation of plasmid DNA using this kit is the sglige binding of nucleic acid molecules to a
silica membrane in the presence of high salt caotit The DNA was eluted with 10 mM
Tris/HCI buffer pH 8.5. The quantity of obtainedapiid was estimated by the measurement
of absorbance at 260 nm. The quality of the DNAppration was also assessed by the
absorbance ratio at 260 nm to 280 nm. The measuatemere carried out on Beckman DU
640 (Beckman Coulter, Krefeld, Germany) spectropimater.

4.1.6.Sequencing
The BigDye Terminator v1.0 (ABI Applied Biosystentspster City, U.S.A) was used for

sequencing. The sequencing reactions were caruedith the optimized protocol using one

sixteenth of the reaction volume suggested by theufacturer. Primers 1 - 4 (Table 1) were

used.
BigDye premix: Thermocycler program:
0,5ul BigDye mix; Preheat the thermocycler to 96 °C 4min
1,75ul Reaction Buffer; 25 cycles of:
1,75ul Sterile water 96 °C - 10 sec
50 °C - 5sec
The sequencing reaction composition: 60 °C —4min
4°C -

4 ul BigDye premix

1 ul Sequencing primer (3-10 pmol)
1-5ul DNA (600ng plasmid DNA)
0-5ul Sterile water
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The sequencing reaction products were purified Y fgtration. Dry sepahdex G-50
Superfine (20-80 mm) 45 ul was distributed to nsglteen 96 well plate. Each well was filled
with 300 ml sterile water. The plate was then cedgrarafilm and incubated 3 h if@. The
water was removed by centrifugation at 910 g forrbi8ubsequently 10l sterile water were
added to each 1 of sequencing reaction and the entire volumep(2@lled to the middle

of each of the Sephadex columns. The multiscreate pvas placed on top of the sequencing
96 well plate and centrifuged at 910 g for 5minmpkes purified in such way were then
ready for analysis. The reaction products wereyaedl by capillary electrophoresis. The ABI
sequencer was used to analyze the reactions. $hiimg sequences were compared with the
theoretical ones. Each plasmid was sequenced wafdr and reverse direction with two
different primers (Table 1). The first was the pemused for amplification of the insert and
the remaining one corresponded to the sequenadsgritathe multicloning site of the vectors

used.

4.1.7.Site directed mutagenesis

Site directed mutagenesis was carried out accorirthe protocol from Quick change Kit
(Stratagene, La Jolla, U.S.A). For the mutagend3@R AccuPrime Pfx Supermix
(Invitrogen, Karlsruhe, Germany) was used and #teo$ primers 5 and 6 (Tablel). The
following PCR reaction was carried out to genepddsmids with altered sequences:

The PCR reaction composition:

1 ul Plasmid DNA (15 ng) original PFOMT sequence ing30 vector
1 pl Forward primer (100 pmol/ul)

1 ul Reverse primer (100 pmol/ul)

| ul AccuPrime Pfx Supermix (Invitrogen, Karlsruhe,r@any)

Thermocycler program:
95 °C 5 min - initial deanturation and DNA polymseaactivation
18 cycles of
63 °C 30 sec - annealing
68 °C 7 min - extension
95 °C 15 sec - melting
4°C

All PCR reactions were digested with 15U of Dpndtrietion endonuclease for 1 hour in
37 °C in order to remove any remaining template DRéllowing the digestion, the reactions
were used to transform chemically competent XL1Blueoli cells. The transformed cells

were plated out on LB agar supplied with ampiciiarbencillin at the concentration of

50 pug/ml overnight and then re-grown overnight in°@ in liquid LB medium. On the
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following day the colonies were regrown in 3 ml wole and plasmids sequenced. The
plasmids that carried the desired sequence werktadeansform thé&. coli expression strain
M15 pREP4. The transformed M15 pREP4 cells werenageselected on LB agar supplied

with 50 ug/ml ampicillin/carbencillin.

Table 1.The Table of Primers used

Primer Name Directior] Sequence
1 pPQE30/9 | Forward|5' GGA TCG CAT CAC CAT CAC 3
sequencing
2 PQE30/9 | Reverse| 5'CCA AGC TCA GCT AAT TAA 3
sequencing
3 pQE60/70 | Forward|5' GAA TTC ATT AAA GAG GAG 3
sequencing
4 pPQEG6O/70 | Reverse| 5" CAG GAC TCC AGACTC AG 3'
sequencing
5 PFOMT Forward 5' CGG GAT CCA TGG ATT TTGC '3
6 PFOMT Reversg 5'ATT AAG CTT TCA TCA ATA AAG ACGE
7 SynOMT | Forward|5' CCA TCA CGG ATC CAT GGG TGC GGG CAT
K3A CACCGG TTTTGATCC 3
8 SynOMT | Reverse| 5' GGA TCA AAA CCG GTG ATG CCC GCA CCC
K3A ATG GAT CCG TGA TGG 3

9 | N-terminal | Forward (s, -5 GAT CCA TGG ATT TTG CTG TG 3
Fragment of

Loop Hybrid

10 | N-terminal | Reverse|s. can GAG CTA GCA TAG CAT C 3
Fragment of

Loop Hybrid

11 [ C-terminal | Forward|g. saa TTG GGT ACC TCG GAT G 3
Fragment of

Loop Hybrid

12 [ C-terminal | Reverse|s o1 GGA GCT CCAAGC TTT C 3
Fragment of

Loop Hybrid

13 | PROMT Forward| 5. ;GG GAT CCA TCG AGG GAA GGA TGG ATT
actor Xa site TTG CTG TGA TGA 3

14 f '\:' S;‘“V"’?t Forward |5, -GG GAT CCA TCG AGG GAA GGA TGG CAA
actor Aa sitg CCA ACG AAG ATC A 3'
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4.2.Protein expression

4.2.1.Characterization of expression strains

E. coli strain M15[pREP4] was used for the expression ef ifcombinant proteins. It is
derived fromE. coli K12 and has the phenotype NalS, StrS, RifS, ThiesLAra+, Gal+,
Mtl-, F-, RecA+, Uvr+, Lon+. Protein expressiontims strain is regulated by the presence of
the lac repressor plasmid pRER4.coli strain M15 does not harbor a chromosomal copy of
the laclqg mutation, so pREP4 plasmid must be miaieth by selection on kanamycin

resistance.

4.2.2.Storage strains

XL1 BlueE. coli strain was used for all cloning procedures. Ibbas the laclg mutation, and
produces enough lac repressor to efficiently bkoakscription. It is recommended for storing

and propagating pQE plasmids..

4.2.3.Preparation and transformation of competentE. coli cells

Competent cells used for transformation were pegpaaccording to the manufacturer
(Qiagen, Hilden, Germany).

The competent cells were transformed as descrilyethd manufacturer (Qiagen, Hilden,
Germany) protocol with small modifications. To 50 freshly thawed competent cells 3 ml
of the reaction mixture were added. The cells walewved to rest on ice for 10 minutes.
Subsequently a heat shock was performed, 50 sd8 i€, after the heat shock the tubes
containing the cell suspension was allowed to cmavn on ice for additional 15 min. After
incubation on ice 500 ml of SOC medium was addeéaith of the tubes and the cells were
shaken for 1h in 37 °C. The final step was plathghe cells to LB agar plate containing the
proper antibiotic selection marker, either ampieithr carbenicillin 50 mg/ml was used. The
plates were left at 37 °C for overnight incubati®he plates were inspected for the growth of
colonies. Usually, 6 colonies were picked from atgland allowed to grow in liquid LB
medium under the selection pressure of the anithi@olonies developed in this manner

were tested for expression.

4.2.4.Expression tests

To test for the expression of the protein colorieg were grown on the LB agar plate were
picked and used to inoculate 3 ml of liquid LB medi supplied with 50 mg/mi
ampicillin/carbenicillin antibiotic. The inoculatedulture tubes were allowed to grow
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overnight. After the overnight incubation 50-100 @hithe culture was used to inoculate fresh
3 ml of liquid LB medium. The fresh culture was ubated for 3.5 h at 37 °C and then the
protein overexpression was induced with 1mM IPT@ 3oh. 50 pl aliquots of the culture
were mixed with 50 pl SDS sample buffer. Those psotwere then thermally denatured for
10 min in 80 °C and applied directly to SDS-PAGEctmeck for protein expression. The
remainder of the cultures was centrifuged to collde cells. The cell pellets were
resuspended in 50 mM Tris/HCI pH 7,5 buffer contagn10% glycerol and 0,02% sodium
azide. Subsequently the cells were lysed by sdoitand the crude protein preparation was
clarified by centrifugation. The total soluble et preparation was then tested for activity
by the chromatographic analysis of the enzymatactiens. The colonies producing the

highest amount of active protein were chosen fbssquent work.

4.2.5.Expression of PFOMT and N-terminal Hybrids
The proteins were cloned into pQE30 or pQE9 veatat transformed to M15 pRER4 coli

strain. The production of the proteins was caroatin shaken flasks in 400ml volume. The
cells were allowed to grow in liquid LB medium f8ih, after that time the Qg reached the
value around 0.6. At this time the cultures werduced with ImM IPTG. The cultures were

incubated for additional 3,5 h and then the celiseaharvested by centrifugation.

4.2.6.Expression of loop Hybrids

The procedure for expression of loop hybrids wasied out similarly to the PFOMT
proteins. The proteins containing the loop fragmeeate expressed in large part as insoluble
proteins. Two differentE. coli expression systems were tested. The pET vectoerayst
(Invitrogen, Karlsruhe, Germany) and pQE (Qiagenidéh, Germany) were used. The
expression was carried out in appropriateoli hosts strains, BL21 DE3 for pET 28a vectors
and M15 pREP4 for pQE30 vectors. The cells weravgran liquid LB medium with the
addition of 50 mg/ml carbenicillin as a selectioegsure. The growth time of the culture was
extended to 5h in 37 °C. After that time the cwdtuwere induced with 1 mM IPTG and

allowed to incubate at 4 °C over weekend.

4.2.7.Expression of SynOMT

SynOMT protein was expressed analogously to theNPF@roteins. However, in this case

only the freshly transformed cells were used asuhon for expression cultures.
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4.2.8.Expression ofM. sativa CCOAOMT
The reference OMT fronM. sativa cDNA was a kind gift from Joseph P. Noel (The Salk

Institute for Biological Studies, La Jolla, USA)ddean-Luc Ferrer (Institut de Biologie
Structurale, Grenoble, France). The DNA sequenaeec into pET15b was transformed into

E. coli DES3 strain for expression. This protein was algoressed analogously to PFOMT.
4.3. Protein purification

4.3.1.Preparation of soluble protein fraction

The cultures which were used for protein overexpoeswere harvested by centrifugation.
The culture medium was centrifuged for 5 min at RKB274 g in 4 °C. The supernatant was
discarded and the cell pellet was collected fothierr processing. Subsequently cell pellets
were resuspended in the buffer containing 50 mMs/ACI pH 7,5 buffer containing
10% glycerol and 0,05% sodium azide. Following, tbeguspension lysozyme was added to
the working concentration of 10g/ml then the tube containing the cell suspensi@s w
placed on ice for 15 min. Cell lysis was compldbgdsonication using the Sonoplus sonicator
(Bandelin, Berlin, Germany) at 60% intensity. Thanisation was performed in six 30 s
bursts allowing the sample to cool down for addiéilb30 s in between the sonication cycles.
The cell lysate was clarified by centrifugation fiddmin 4 °C at RCF 16274 g. The clarified
lysate containing all soluble cell materials wastHfarmore treated with 0,02% protamine
sulphate solution in order do precipitate the mgjaf DNA contaminations. The protamine
sulphate solution preheated to 45 °C was added wiep to the stirred protein solution to a
working concentration of 0,02%. The precipitateditaminations were then centrifuged for
10 min at 4 °C at RCF 1284 g and the crude solpbd¢ein solution was used for further

purification.

4.3.2.Immobilized metal affinity chromatography

All overexpressed proteins, that were expresseld vattor derived his tag, were purified by
Immobilized Metal Affinity Chromatography (IMAC) aa first step of purification. During
the purification of methyltransferases Talon affininatrix (BD Biosciences) was used with
Akta Exploler chromatography system (GE Healthcavieinich, Germany). This metal
affinity resin uses cobalt ions to complex proteimst have a his tag. Elution of proteins from
the matrix can be achieved by a shift to low pH @¥#) or by application of imidazole which

binds competitively to the column matrix. Increa@sitoncentrations of imidazole were used
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to prevent the pH dependent denaturation of prof€ire soluble protein preparation was
applied to the column and washed with Buffer A. Téeded column was then washed once
with the mixture of buffers A and B with the resoff concentration of imidazole equal to
30 mM. This washing step ensured the removal opeifically bound proteins. The elution
of the protein of interest was accomplished by vppla stepwise gradient of increasing the
imidazole concentration to 240 mM. At this pointr@uecombinant his tagged protein was
eluted. The column regenerated with the aqueougibabntaining 30 mM MES pH 5,8 and
0.02% NaNwas then ready for another run or storage“at dfter flooding with 20% ethanol

solution.

Buffer compositions:

Buffer A Buffer B

50 MM KPipH 7,5 50 mM KPi pH 7,5
200 mM NacCl 200 mM NacCl

10 glycerol 300 M imidazole

10% glycerol

4.3.3.Gel filtration

Gel filtration (Rosenberg, 2005) was the final stéurification of protein samples used for
crystallization. This chromatographic method sefggréhe protein on the basis of their size.
The concentrated protein sample from previous jgatibn step was applied in the amount of
2 ml to a HiLoad 16/60 Superdex75 column (Pharmadiae separation was carried out with
the use of degassed KPi buffer ran at 1.5 ml/mithatpressure of 0.3 MPa. To accurately
determine the molecular mass, the elution timeth@fsamples was compared to the protein
standards, BSA (67 kDa), ovoalbumin (43 kDa), Chyipsin (17 kDa) (Serva, hidelberg
Germany).

Buffer composition:
50 mM KPi pH 7,5
150 mM NacCl
10% glycerol

4.3.4.Hydrophobic interaction chromatography

To purify proteins that were expressed without a tag, the hydrophobic interaction

chromatography (HIC) with a phenylsepharose mais&d was (GE Healthcare) was used.
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The purification of the proteins was achieved inotwsteps. The first one was batch
hydrophobic interactions purification on a Buechmeannel filled with phenyl sepharose
packing material (GE Healthcare). The crude solyibtgein preparation was prepared with
50 mM KPi pH 7.5, 150 mM NaCl, 10% glycerol buff@nd adjusted to 0.4 M ammonium
sulphate concentration. Before loading the colurmas wlso equilibrated with this buffer
containing 0.4 M ammonium sulphate. After loadihg tolumn the elution was carried out in
steps with the buffers of decreasing ammonium siagplkoncentration, 0.2 M, 0 M and 10%
methanol solution in water. After that procedure ttollected solutions were tested for
enzymatic activity. The active fractions were paobnd applied to high performance HIC
column. The second purification step was carriedosuPhenylsepharose 6 Fast Flow (high
sub) 16/10 (GE Healthcare). The column was adjustéd5 M ammonium sulphate with the
same buffer as used previously. The elution wasopeed at 1.5 ml/min in two gradient
steps of decreasing ammonium sulphate concentr@t®M to 0.25 M in 20min and 0.25 M
to 0 M in the following 50 min. The collected framts were tested for purity by SDS-PAGE.

4.3.5.Concentration of protein solutions

The proteins of interest were concentrated by diltration in Amicon centrifugal filter units

(Millipore, Schwalbach/Ts, Germany) usingl0 kDaofumembranes. The purified protein
from IMAC purification was concentrated to a voluwiel ml, then diluted with appropriate
storage buffer (50 mM Tris/HCI pH 7.5 buffer comiag 10% glycerol and 0,05% sodium
azide), and reconcentrated to a desired proteinecdration. After this step, PFOMT proteins
were ready to be frozen for storage, with the aaldiof 10% glycerol to the concentration

buffer as a cryoprotectant.

4.3.6.Determination of protein concentration

The amounts of protein were estimated using therphen at 280 nm and the calculated
extinction coefficient basied on a amino acid segeecalculated by the program PROTEAN,
a part of DNA star (Madison, USA) software package.

Protein concentration was also determined by tlaelfdrd assay (Bradford, 1976; Stoscheck,
1990) based on the shift of absorbance for a Cosimsilliant blue G-250 dye at 595 nm.
When the dye binds to arginine and hydrophobicdie=s present in the protein it color
changes to blue (absorbing at 595 nm) from redradlaonbound (anionic form) which has an
absorbance maximum at 470 nm. The absorbance fefeht samples was measured on a

Beckman spectrophotometer.
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4.4.Protein analysis

4.4.1.SDS PAGE

The purified protein was analyzed for purity by SBAGE (Laemmli, 1970). This
electrophoresis analysis method separates the igoteasing on their electrophoretic
mobility, which in turn is dependent on their siZée gel for the analysis was assembled on a
Protean Il (Biorad, Hercules, U.S.A). The proteantls are visualized by staining with Serva

Blue R (Serva, Heildelberg, Germany) stain.

Buffer compositions:

The sample buffer 4x The running buffer x10 stodk 1
40%(w/v) Glycerol 30 g Tris

50 mM DDT 144 g Glycin

2%(w/v) SDS 10 g SDS sodium salt

0.0625 M Tris/HCI pH 8.8 Deionised water to 1 |

0.0004% (w/v) Bromophenol blue

Stacking gel 4.7% Running gel 14%

3 ml Water 2.8 ml Water

1.25 ml 0.5M tris pH6.8 2,5 ml 1M Tris pH 8.8

0.75 ml 30% Acrylamide/bisacrylamide 4, 7ml 30% Acrylamide/bisacrylamide (30:1)
(30:1) Solution solution

25 ul Ammonium persulphate (APS) 50 ul APS

5ul TEMED 5ul TEMED

(N,N,N"N' tetramethylenediamine)

4.4.2. \Western blot

The principle of this method is immuno-detectionpobteins which are immobilized on a
membrane (usually nitrocellulose). The protein prapons are firstly separated by size with
SDS PAGE, and then the proteins are transferread idrocellulose membrane (Invitrogen)
by electroblotting. Subsequently the membrane abgd with the antibodies specific to the
protein of interest. The protein specific antibedagainst PFOMT prepared in rabbit were
purchased from Eurogenentec. The last step is liatian, which employs subsequent
washings with the solution of an enzyme linked laodly specific to the antibody used to
probe for the protein. The enzymatic reaction sduer visualization.

For visualization the antibody against the rablbmpled to alkaline phosphatase was used.

The detected protein bands were visualized by tier aeaction with BCIP (5-bromd-
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chloro-3-indolyl phosphate) and NBT (nitro blue tetrazoiiu The nitrocellulose membrane
was treated with 15 ml of blocking solution for 2dnd after that time a protein specific
antibody was added to the solution. The membrang weubated with protein specific
antibody overnight. The membrane was washed 3 timés TBS pH 7.5 buffer. The
antibody against the rabbit coupled to the rep@teayme was also dissolved in 15 ml of the
blocking solution and incubated for 2 h with themfbeane. The membrane was then washed
again 3 times in TBS pH 7.5 and transferred to T#89.5. 50 ml of BCIP solution and
25 ml of NBT solution were added. The membrane wasbated until signals were detected.

The reaction was stopped with 0.5 M EDTA. The manbrwas dried and photographed.

Buffer compositions:
Electroblotting buffer Blocking solution

Tris buffered saline TBS pH 7.5 and pH 9.55% Powdered milk in TBS buffer
1% BCIP in 100% DMF
(dimethylformamide)
1.5% NBT in 70% DMF

4 5. Protein modification

4.5.1.His-tag cleavage

In order to remove the his tag from the N-termimdisthe protein a Factor Xa protease
cleavage site was introduced. The amino acid seguIGR, the cleavage site recognized by
this site specific protease, was placed in fronthef methionine where the protein sequence
starts. This was accomplished by the use of the p@Rers which encoded the sequence
containing Factor Xa cleavage site (Tablel) Thefipdrproteins containing the Factor Xa
cleavage site were re-buffered into protease Fa@areaction buffer. The cleavage reactions
were conducted in a volume of 400 pl. The amounprofein was adjusted to 0.25 mg/ml.
Two units of Factor Xa protease (Qiagen, Hildenrn@Gy) were used per reaction (4dD
The reactions were incubated at 37 °C for 24 hdoiewe complete cleavage. After the
digestion reaction the protease was removed usagtpFXa Removal resin (Qiagen, Hilden,
Germany). This resin is linked to benzamidine whgch trypsin-like serine protease inhibitor
and binds covalently to the active site of Facta. Xhe reactions were purified by Talon-
affinity resin. The cleaved protein eluted with thew through. It was concentrated and
rebuffered to 50 mM Tris/HCI pH 7.5, 10% glyceroldasubsequently checked for enzymatic
activity. The cleavage and the purity were confidniyy SDS-PAGE. In order to verify the
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absence of any His-tag, Western Blot analysis was performed with His-tag specific
antibodies (Qiagen, Hilden, Germany).

Protease Factor Xa reaction buffer:
20 mM Tris/HCI pH 6.5

50 mM NacCl

1 mM CacCl2

4.6.Activity assays

Enzyme assays were performed in a buffer contaid®@ mM KPi (pH 7.5) and 10%
glycerol with 10 uM substrate (dissolved in 30% D®)S0.5-2 pg (and up to 10 pg in case
of SynOMT K3A mutant) of total protein, and 400 pAdoMet in a total volume of 50 pl.
The assays were incubated at 30 °C for 60 to 3@30msls (dependent on the protein and
substrate tested). The reactions were stoppedebgdtiition of 20 pl 7% trichloroacetic acid
in 50% acetonitrile/water. The reaction productgevanalyzed as described (lbdah et al.,
2003). Caffeoylglucose was prepared as describediqusly from caffeic acid and UDP-
glucose with the purified recombinant sinapic aglidcosyltransferase (SGT) froBrassica
napus (Milkowski et al., 2000). CCoA, was prepared basedpublished methods (Strack et
al., 1987). Quercetagetin was obtained from Extri®se (Genay, France). Caffeic acid and
quercetin were obtained from Serva (Heidelbergnta@y) and Roth (Karlsruhe, Germany)
respectively. The reaction products were analyaedebersed phase liquid chromatography
on a Nucleosil 5-um C18 column (50 mm length x 4 mner diameter; Macherey & Nagel,
Duren, Germany), as described previously (Stoclagtal., 1975; Vogt et al., 1999).
Compounds were analyzed with linear gradients fi@% B (100% acetonitrile) in A (1.5%
aqueous phosphoric acid) to 70% B in A (for pha®)]ifrom 5% B to 50% B in A (for free
acids and CoA esters), from 5% B to 30% B (for ghe esters), and from 20% B in A to
80% B in A in 4 min (for flavonoids) at a flow raté 1 ml min™. Detection of flavonoids,
catechol, coumarins, and hydroxycinnamic acid est&s performed between 260 and 400
nm. ldentification and quantification was achiewatth reference compounds from our
Institute collection or from external sources. FG# app determination of methyl group
acceptors, acceptor concentrations were chosenebpt® and 20 uM, while AdoMet was
kept constant at 1.5 uM. The apparent 45, and \nax values were calculated by nonlinear
curve fitting assuming steady state Michelis-Menkametics and from Lineweaver-Burk

plots. All enzyme assays were recorded in tripéisat

42



4.7.Isolation of the enzymatic reaction products of SypMT

The enzymatic reaction products were preparedrmlai way as the enzymatic reactions
used for activity tests. The amounts of reagentswescaled and incubated in°G7for 10
minutes, several enzymatic reactions were poolegeth@er. Subsequently the reaction
mixtures were separated using semi preparative HFb€ same solvent system as described
for the activity assays was used to achieve tharaéipn of the reaction products. The
gradient times were adjusted to accommodate fofoinger column. The fraction containing
the compound of interest was collected. When athefreaction mixture was separated, the
collected fraction was applied to a Solid Phasedetion mini-cartridge (Wateres, Eschborn,
Germany) pre-equilibrated with water. The cartridgas washed with water and 10%
methanol then the bound compounds eluted with 100#thanol. The eluate was
concentrated and dried under vacuum.

When the separation of the different reaction poteluvas not required (GC-TOF/MS), the
enzymatic reactions were extracted with ethylaeetéhe organic phase was separated and
then the solvent evaporated under vacuum. The dmigture of products and substrates was
subsequently redissolved in 100% methanol and drieter vacuum. Samples prepared in
this way were given to NMR analysis to verify theustures of the products of SynOMT
reaction. ThetH and**C NMR analyzes were performed by Dr. Andrea Poradditional
GC-MS analyzes were performed by Dr. Juergen Sdhanid Dr. Willibald Schliemann.

4.8.Crystallographic procedures

4.8.1.Crystallization of proteins

Purified, concentrated (4-8 mg/ml) and rebuffer€®RIT protein preparations were used for
crystallization. The proteins were crystallized \@por diffusion method. To find out initial

crystallization conditions, a screening proceduraswused. Commercially available
crystallization screens Hampton Research (Alisojo/id.S.A), Sigma-Aldrich (Hamburg,

Germany), Jena Bioscience (Jena, Germany) were &®gdthe screening of conditions a
Cartesian pipetting robot was used to prepare ty&tatlization setups. The 96 well format
sitting drop plates were used, with 200 nl dropesithe drops set up by the robot were
scanned by Veeco LC3 imaging robot (Veeco Instrum@&@mbH, Mannheim, German) The
subsequent refinement of the crystallization coondg was carried out by hand on 24 well
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format in 4 drop volume. The proteins were always co cryztadl with their ligands,
magnesium ion and DMSO.

PFOMT was crystallized under the following condiso20% PEG 4000, 0.2 M CaGh
100 mM HEPES/NaOH pH 7.0 using a concentration ofgdnl PFOMT, 250 uM MgG]
250 uM AdoMet, 25 uM quercetin, and 2.5% DMSO. $lteng drop method was used.

The SynOMT was also crystallized by vapor diffusmoathod from a sitting drop setup. The
crystallization conditions screens were carriedidantically as in the case of PFOMT. The
protein solution contained 250 uM MgCP50 uM AdoMet, 25 uM caffeic acid and 2.5%
DMSO. The crystals were obtained from 0.2 M Mg<bH,O, 0.1 M Tris hydrochloride pH
8.5, 30%wl/v polyethylene glycol 4000.

4.8.2.Data collection and processing

The diffraction data were collected at 100 K on MB{gaku diffractometer equipped with

Raxis IV++ imageplate detector, with copper rotgtanode X-ray source and Osmic optics.
(Rigaku MSC, Sevenoaks, England). The synchrotrata avere collected at BW 6 DESY

(Hamburg). The scaling and processing of data vedseaed with the use of HKL2000

software package (Otwinowski et al., 1997) and XR&bsch, 1993)

4 .8.3.Structure solution

The crystal structure of PFOMT was solved by SAerknent using seleamethionine
(SeMet) protein derivative. CNS (Brunger et al.,98pP was used for the structure
determination. To produce this protein derivatie tbacterial cells were grown in the
presence of SeMet (50 pg/liter). The SeMet deneatirystallized in the same conditions as
the native protein. The PFOMT structure (PDB co@8) was solved by Dr. Daniel Rauh
(Chemical Genomics Centre of the Max Planck Socieogrtmund). Two datasets at different
wavelengths were collected for SeMet derivative arghta set for native protein crystal at
DESY synchrotron facility (Hamburg, Germany) (BWglable 2)

The structure of SynOMT (PDB code 3CBG) was sollagdmolecular replacement using
PFOMT structure as a search model, which was peaddrwith the use of program Phaser

(Mccoy et al., 2007), part of the CCP4 (Bailey, 4Pérystallographic software package.

4.8.4.Model building, refinement and visualization

Model building was performed using the program @nés et al., 1991) and Coot (Emsley et
al., 2004), and the structures refined using CN&é REFMAC 5 (Murshudov et al., 1997).
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The coordinates for the AdoHcy cofactor and otigards were obtained from HicUp server
(Kleywegt et al., 1998). The twinning of the SynOMdrystals was identified by
“identify_twin” input from CNS and then twinned meément was carried out using
previously identified twinning law and fraction. 8tialization of the structures was performed
by Pymol (Delano, 2002).

4.8.5.1n silico substrate docking

In silico substrate docking experiments were carried outgugiutoDock4 (Morris et al.,
1998) with AutoDockTools GUI [http://mgltools.scpp.edu/]. The starting position and
orientation of the substrate was modeled in by hdaheé Lamarckian Genetic Algorithm was
used to search the active site of the protein lterraative substrate conformations. 250 runs
were conducted with population size of 150 and PS0®@nergy evaluations. 27000
generations were analyzed with only one conformasiarviving to the next generation. The
searches carried out with the use of Lamarckiane@Geilgorithm were complemented with
local search scheme. 300 iterations of local seasie carried out for each run. The results
of docking were manually analyzed. The productieekihg of a substrate in the active site
with the smallest docking energy was consideretadote.
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5. Results

5.1. Structural characterization of PFOMT

PFOMT is a 237 amino acid protein with the predicteolecular mass of 26.6 kDa. The

recombinant protein was expressed as a his tagnfushe vector derived N-terminal his tag

adds additional 12 amino acids to the N-terminustt@ protein. PFOMT exists as a

homodimer in the solution (Figure 13) as confirnbgdorevious research. (Ibdah et al., 2003).
The initial coordinates coming from the SAD experithwere obtained by Dr. Daniel Rauh.
Table 2 summarizes the data collection and refimtrs&atistics for the PFOMT structure

(PDB code 3C3Y).

Figure 13.Dimer representation of PFOMT. The gray spheresesgmt the Mg in the
binding site and bound AdoMet is shown as cyarksti€he secondary structure elements are
labeled for the monomer on the right (B). The covise: fold of Mg dependant OMTs can
be recognized, with centrally locat@esheet surrounded byhelices. For the monomer on
the left the (A) N-terminus is colored blue and tagalytically relevant loop region in orange.
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Table 2. Crystallographic data, phasing and refinementstesi for PFOMT

Data Collection

Dataset native peak high remote

Wavelength (A) 1.05 0.97905 0.95

Resolution (A) 1.37 1.93 1.93

Total reflections 436990 247123 259057

Unique reflections 93389 65998 72580

Completenesy%) 97.6 (92.9) 99.2(87.1) 99.2(88.8)

/o(1)* 27.88 (2.33) 32.14 (10.48)8.95 (3.71)

Rsym” 0.069 0.071 0.067

Redundancy 4.67 3.74 3.60

Space group R2:2

Cell dimensions (A) a= 48.8¢ 49.47 49.47
b= 71.8: 71.78 71.78
c= 128.1: 128.15 128.15

Refinement

Refinement reflections 89982

R® 0.18850

Rirec 0.22427

Protein atoms 3577

Ligand atoms 52

Solvent molecules 480

lon atoms 4

Rmsd bond lengtAsh 0.008

Rmsd bond anglé$ 1.245

<B-factor> protein (&) chain A 17.395

<B-factor> protein (&) chain B 17.207

<B-factor> ligand (&) 14.238

<B-factor> solvent (A) 29.079

<B-factor> ion (&) 14.450

Ramachandran plot:

most favoured regions 92.1%

additional allowed regions 6.9%

generously allowed regions 1.0%

disallowed regions 0%

1 The values in the parentheses represent the valtiee highest resolution shell

2Rsym =2|lh - <k>|/= I, , where <lh> is the average intensity over symynetjuivalent
reflections

®R =x||Fobs]| - |Fcalc}]fFobs|.

* Rfree is calculated the same way as R using 4.3%efdata (4041 reflections) that is
excluded from the refinement

®The rmsd for bonds and angles are the root meareddeviation from the ideal values.
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The protein crystallizes in p2,2; space group where two monomers forming a dimer are
visible in the asymmetric unit. The protein exishiff Rossmann fold. The first 12 amino
acids of the PFOMT protein with additional 12 resd derived from the vector are not
visible in the electron density. The absence oérprietable electronic density for the N-
terminus of the protein might be explained by tighHlexibility of this region. Comparison

of PFOMT structure with the structure bf. sativa CCoOAOMT (Ferrer et al., 2005) shows

almost identical fold of this protein.

\
THR-54 ©

¢ ASP-180

Figure 14.Representation of the AdoMet/AdoHcy binding site RFOMT. The protein
carbon atoms are shown in yellow while carbon attwlsnging to the ligand are colored
cyan. The nitrogen atoms are colored blue, and exxyged. The gray sphere represents the
Cd" ion. The electron density at1 is shown only for the ligand molecule. The rptieres
represent the oxygen atoms belonging to water mtdec

The binding site for AdoMet/AdoHcy is very conseihia this group of proteins (Figure 14).
The amino acid identified to take part in AdoMetding in the case of CCOAOMT structure
are as well conserved in the PFOMT protein. Morerathe super position of the two
structures results in very similar orientation bé tAdoMet cofactor. In the active site of
PFOMT a clear indication of a bound‘éon is found. The presence of calcium ion is #e i
the result of high concentration of CaGh the crystallization solution. The mode of ion
binding is almost identical to those of CCoOAOMT (e et al., 2005). In case of PFOMT

also the acidic residues take part in octahedratdination of the metal ion. Those residues
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include, Asp 154, Asp 180 and Asn 181, as well las5B. Unfortunately no electron density

is visible for the methylated substrate in the\actienter of the protein.

5.2. In silico docking experiments

In silico docking of substrates into the active centersk®MT and CCoAOMT was carried

out to obtain semiquantitative data about the iredagubstrate specificities of those two plant
enzymes. Table 3 summarizes the results of theimgokxperiments. The molecules of
quercetin, caffeic acid and 5-hydroxyferuloyl CoAne chosen. The preliminary results and
the previous experiments (Ferrer et al., 2005) stimtv an enzymatic specialist CCOAOMT
would prefer binding of CoA esters and not caffecedd. PFOMT as an enzyme with broad
substrate specificity would show high activity tads flavonoid substrates as well as caffeic
acid and its CoA esters. The results of the doclergeriments were in agreement with
previous observations, despite the fact that thecsiral data for catalytically relevant N-

terminus was missing. Quercetin, a representativélavonoids could be docked in a

substrate-like (Figure 15) orientation into thehaetsite of PFOMT with reasonable binding

energies, while no enzymatically reasonable bindiwogle could be found for CCoOAOMT.

y

I

Figure 15.Manual Docking of the substrate quercetagetin & #ctive site of PFOMT.
Quercetagetin can be methylated by PFOMT in twatipos (Ibdah et al., 2003) requiring
opposing orientations of the substrate (pink andolplt In both cases Both orientations
aromatic stacking interactions are observed betwleersubstrate and the side chains of Tyr
51, Trp 184, and Phe 198.The Mdpn is represented by gray sphere, dark linesssmt the
binding of the cation by residues Asp 154, Asp BE8@ Asn 181 as well as interaction
between the oxygen of the hydroxyl group and thealgically relevant Lys 157. AdoHcy is
shown in cyan.
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For both structures caffeic acid and 5-hydroxyfeyulCoA could be docked into the active
centers. The binding energies of those dockingarigledistinguish between those two
enzymes. Caffeic acid is preferred by PFOMT in twh binding energy, cluster ranking,
and cluster size, while the results for CCOAOMT kass conclusive. For the CoA ester the
situation is reversed. In this case the dockintheoCCoAOMT is preferred. The results for
PFOMT show that only a fraction of the docking aipgs has favorable (negative) binding
energies.

Table 3.Results ofn silico docking of quercetin, caffeic acid, and 5-hydr@yloyl CoA
into the active sites of PFOMT and CCoAOMT

PFOMT CCoAOMT
Cluster Lowest Mean Number Cluster Lowest Mean Number
rank binding binding in cluster rank binding binding in cluster
energy energy energy energy
Quercetin
1 -7.93 -6.81 53 1 -8.18 -7.44 67
2 -7.51 -6.72 41 2 -7.94 -7.47 63
3 -7.00 -6.56 23 3 -7.73 -7.31 16
4 -6.93 -6.32 15 4 -7.73 -7.03 32
5 -6.84 -6.49 13 5 -7.48 -7.10 25
5.1 -6.84 6 -7.21 -6.92 3
6 -6.83 -6.45 8 7 -7.17 -6.82 15
7 -6.75 -6.31 8 8 -7.16 -7.16 1
8 -6.68 -6.37 14 . .
9 -6.61 -6.37 5
10 -6.54 -6.08 10
11 -6.52 -6.25 44 . .
12 -6.49 -6.18 7 18 -6.40 -6.36 2
13 -6.38 -6.32 3 19 -6.37 -6.37 1
14 -6.34 -6.34 1 20 -6.35 -6.35 1
15 -6.17 -5.80 3 21 -6.02 -6.02 1
16 -5.82 -5.78 2 n.d.
Caffeic acid
1 -5.44 -4.92 195 1 -4.53 -4.23 16
11 -5.44 2 -4.50 -4.20 13
2 -4.66 -4.21 32 3 -4.47 -4.22 11
3 -4.41 -4.31 5 4 -4.45 -4.31 3
4 -4.33 -4.21 3 5 -4.43 -4.09 83
5 -4.18 -4.07 2 5.1 -4.43
6 -4.18 -4.18 1
7 -4.17 -4.17 1
8 -4.09 -3.98 5 . .
9 -3.94 -3.77 6 19 -3.63 -3.63 1
50H-feruloyl CoA
1 -0.35 +0.86 1 1 -2.85 -2.17 144
11 -0.35 11 -2.85
2 +0.42 +1.22 20 2 -2.64 -2.16 3
55 +2.65 +2.69 2 11 -1.90 -1.68 5
56 +2.92 +2.92 1 12 -1.90 -1.90 1
57 +2.96 +2.96 1 13 -1.25 -1.19 2
58 +3.08 +3.08 1 14 -1.23 -1.23 1
59 +3.25 +3.25 1 15 +0.66 +0.66 1
The highest ranking substrate-like binding modesiradicated in boldface, together with the corresfiog cluster and
binding energy
(kcal mol-1). n.d., not detected.
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5.3. Structural and amino acid sequence similarity of pint OMTs

The alignment of amino acid sequences for seve@ADMTs show that sequences of
CCoAOMTSs from different plants are very similar gkire 16). The amino acid sequence of
PFOMT and promiscuous CCoAOMT-like enzyme fr@riongipes show some differences.
There are only two regions where PFOMT differs aersbly from CCoAOMTSs. The first
one is the variable N-terminal region shaded irebllhe N-terminus varies for all protein
even those coming from CCoAOMT family. It is woribticing that the length of N-terminal
domain is much shorter in PFOMT than the other eresy The second region where
sequence differences are found is a loop regioaglesh orange, spanning from amino acid
residue 185 to 207 (the orange box Figure 16) @M located between strafi® and helix
a8. It could be noticed by the amino acid sequemadyais that this region demonstrates the
lowest sequence homology between CCoA-specificpanthiscuous enzymes (30% identity
for residues 185— 207).

O A 4

|1 |10 12 |30 |40 150
M.crystallinum PFOMT
S.longipes_OMT
M.crystallinum CCoAMT [IrNwslnaiielie)lele)iaonn:(0)nYe): L L.OS FQYILETSVYPREP-
A.majus_CCoAOMT MASNGESKHSEVGHKS|A#o}] YOYILETSVYPREP—
M.satlva CCoAOMT MATNEDQKQTESGRHQEVGHKSIA#e} YOYILETSVFPREH-
P.crlspumLpCoAOMT MASNGESKHSEVGHKS|A#o}] YOYILETSVYPREP—
R.norvegicus_rOMT GDTKEQRILRYVQONAKPGDPQSVLEAIDTY-CTQKEWAMNV
- p=> KJE == (JGSED- 3R>

| 60 170 |80 190 1100 1110 1120
M.crystallinum PFOMT SPLAGQLMSFVLKLVNAKKTIEVGVFTGYSLLLTALSIPDDGKITAIDFDREAYEIGLPFIRKAGVEHKIN
S.longipes OMT SPLAGQLLSFMLKTVKPKKTIEVGVFTGYSLLATALSIPDDGKITAVDIDREAYNVGLALIKKAGVESKIS
M.crystallinum CCoAMT S I TGYSL! PDDGKI IQKAGV.
A.majus_CCoAOMT S GQ TGYSL. PDDGKI IIEKAGV
M.sativa CCoAOMT S elo) TGYSL! PEDGKI IKKAGVD
P.crispum_CCoAOMT S GQ TGYSL PDDGKI IIEKAGV
R.norvegicus_rOMT GDAKGQIMDAVIREYSPSLVLELGAYCGYSAVRMARLLQPGARLLTMEMN PDYAAI TQQMLNFAGLQDKVT

p3n> pam=> O ===

1130 1140 1150 1160 |170[35 1180 1190
M.crystallinum PFOMT FIESDAMLALDNLLQGQESEGSYDFGFVDADKPNYIKYHERLM--KLVKVGGIVAYDNTL
S.longipes_OMT FIVSDAMTLLDDLLADGRYQGSYDFAFVDADKTNYVNYHERLI--ELVKVGGIIAYDNTL
M.crystallinum_CCoAMT DLLIE GSFDFAFVDAD Y --BLVKIG YDNTL
A.majus_CCoAOMT DQTLE) GTFDFVFVDAD YI --DLVKVGG YDNTL
M.sativa CCoAOMT DEMIKDE GSYDFIFVDAD YL --BLVKVG YDNTL
P. crispuﬁ CCoAOMT DHMLE) GTFDFVEFVDAD YI --BLVKIGG YDNTL
R. norvegiEus_rOMT ILNGASQDLIPQLKKKYDV-DTLDMVFLD: YLPDTLLLEKCGLLRKGTVLLADNVI

- G-+ o> 7
1200 1210 1220 1230

M.crystallinum PFOMT LNKLLAADPRIEIVHLPLG
S.longipes_OMT LNEILGSDARIDIAHLPVG
M.crystalllnum CCoAMT L
A.majus_CCoAOMT I I
M.satlva CCoAOMT IEI
P.crlspum_CCoAOMT IETI!
R.norvegicus_rOMT FLAYVRGSSS CTHYSSYLEYMKVVDGLEKAIYQGPSSPDKS

Figure 16. Amino acid sequence alignment of substrate speeifid promiscuous cation
dependent OMTs. The sequence of rOMT is introdudoedeference. Residues shaded in
yellow are common for all OMTs, in green are comnamy for CCoOAOMTs. The N-
terminal region is shaded blue and the variable legion in orange. The numbering and the
secondary structure elements are depicted for PEOMT
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The superposition of the PFOMT structure with CCOAD(Figure 17), shows the structural
similarity of these two proteins. The RMSD betwede positions of all atoms in both
structures is 0.82A. CCoAOMT froiv. sativa was chosen as a representative of CCOAOMT
family because of the availability of the structurdormation. However, there are regions of
proteins where structural differences can be oleserVhe conformation of the loop region in
both structures is quite different, as is the saqaeof amino acid residues comprising this
region (Figure 16 orange box). In addition, the elod of the substrate in the structure of
CCoAOMT shows that this region of protein may fosmme interactions upon substrate
binding.

Figure 17. The overlay of structures of PFOMT yellow akid sativa CCoOAOMT green. The
Loop spanning from amino acids 185 to 207 of PFOMTShown in orange and the N-
terminus in blue. AdoHcy molecule is representedenh. Feruloyl CoA is shown in green.
The Spheres represent the cations bound to thelstes.

The N-terminus of both structures also adopts temdiht conformation. It should be noted
that the first amino acid residue for which thectden density is observed is Gly 13 in case of
the PFOMT structure and Lys 21 for the structur€GloAOMT. Due to this fact, the exact
information how N-termini of those proteins inteisawvith the substrate is missing. It seems
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plausible that differences in this loop and in Mwermini of the two enzyme classes (which
also exhibit low sequence conservation and arereédeneither in the present structure nor in
that of CCoAOMT) could provide a clue to the proouisus nature of PFOMT.

5.4.Hybrid proteins

5.4.1.N-terminus of PFOMT controls substrate specificity

The previous work carried out on PFOMT shows thatrecombinant protein differs from the
native protein isolated from the plant. Sequensingws that the N-terminal domain of native
PFOMT is 11 amino acid residues shorter when coethan recombinant PFOMT. The
recombinant enzyme, in addition to a longer N-tewsj has also a N-terminal his tag. A
further investigation of this phenomena shows that length of the N-terminal domain is
responsible for differences in regiospecificitypbstwate affinity and methylation efficiency
(Vogt, 2004). In order to investigate the effecttiois N-terminal domain on the substrate
specificity of the protein the following Hybrid pean was prepared. The first 13 amino acids
of PFOMT were replaced with the first 22 amino adiebm M. sativa CCoOAOMT sequence.
This resulted in a hybrid protein carrying the C@QMT N-terminal domain and PFOMT
core (Figure 18). The his tag which was used tafytine protein is also located at the N-
terminus. A sequence containing the Factor Xa elga\site was designed in order to produce
the protein where it was possible to completelyaeenthe his tag. The addition of a factor
Xa recognition sequence just before the Metl resilowed to cleave off the his tag and
produce pure full length protein.

5.4.2.Loop Hybrid

In order to investigate the influence of the vaedbop region a hybrid protein containing the
sequence coding for the loop 194-217 of e sativa CCoOAOMT was produced. This
protein contains the sequence of PFOMT and onhathimo acids 185-207 are replaced with
the corresponding sequence (amino acid residue1Bifrom CCoAOMT (Figure 18). Due

to very low yield of soluble protein, the Factor Bl@avage site was not introduced and the
cleavage reaction could not be performed. The cmtijon of the two constructs resulted in a
double hybrid protein. This protein contains thaekninal sequence and the loop sequence
of CCOAOMT combined with the core sequence of PFOMTheory, this protein should be
closest in kinetic properties to CCoOAOMT, sinceantains both regions that are believed to

be crucial for protein activity and substrate speity.
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6xHis M. sativa

N-terminus
M. sativa
N-terminus
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C-terminal loop
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N-terminus C-terminal loop

6xHis M. sativa M. sativa
N-terminus C-terminal loop

Figure 18. Schematic representation of cloning strategy whiels used to produce the hybrid proteins. The
Nhel restriction site was used for ligation of DNragments (See Materials and Methods section). QNPF
NO, 2 PFOMT NOXal his tag cleaved, 3 N22 hybritdN2PXal hybrid his tag cleaved, 5 Loop Hybrid, 6 Dlzu
Hybrid, 7 CCoAOMT.

5.5. Characterization of hybrid proteins

5.5.1.Production and purification of hybrid proteins

The differences in the structures of PFOMT &hdsativa CCoAOMT show that certain parts
of otherwise conserved protein structure adoptfferdnt conformation. Those regions were
thought to be responsible for differences in suatbstrspecificity among Mg dependent
OMTs. The artificial, chimera proteins should help reveal the structural differences
responsible for differences in activities and siaistspecificity. Those proteins consisted of
PFOMT amino acid sequence containing parts of tB@ADMT sequence. The following
naming scheme (see Figure 18) was proposed: fulttePFOMT, PFOMT NO; full length
PFOMT with factor Xa cleavage site, NOXal; N-teralimybrid, N22; N-terminal hybrid
with factor Xa cleavage site, N22Xal; hybrid contag the loop region from CCoAOMT,
Loop Hybrid; hybrid containing the N-terminus am@ toop region from CCoAOMT, Double
Hybrid.
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Figure 19.Coomassie stained SDS PAGE gel of purified hybrnidtgins. The numbered
lanes are: 1 PFOMT NO, 2 PFOMT NOXal his tag cldaBeN22, 4 N22Xal his tag cleaved,
5 Loop Hybrid, 6 Double Hybrid, 7 CCoAOMT.

The overexpression of the proteins of interest e@dirmed by SDS PAGE. The plasmids
from the expression strains were isolated and seguaeto confirm the correctness of the
construct. All of the investigated proteins wereifoed, and their purity was assessed by SDS

PAGE (Figure 19). Table 4 summarizes the yieldshaéined proteins.

Table 4. Approximate yields of the protein production

Protein Concentration Amount Yield mg/I
mg/mi produced mg

1 NO 5.39 8.0 20.0
2 NOXal 4.75 8.3 20.8
3 N22 4.38 5.3 13.1
4 N22Xal 15.1 7.6 18.9
5 Loop Hybrid 1.6 0.8 2

6 Double Hybrid 4 2 5

7 CCoAOMT 1.37 4.3 10.8

5.5.2.His tag removal

Because the N-terminus is the focus of the invastg the need to create proteins with a free
N-terminus was seen. The removal of the N-termaféihity tag would ensure that the
observed kinetic parameters of the N-terminal ld/prioteins could be attributed to either the
varying amino acid sequence or the presence ofhtketag itself. Two approaches to
overcome this problem were attempted. The first glating to another vector. The NO and
N22 were cloned into pQE60 and pQE70 vectors whpidvide the C-terminal his tag. The

introduction of the stop codons at the end of tteégin sequence would ensure that the vector
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derived his tag was not expressed. The expressidhese vectors was very poor, and the
resultant proteins were insoluble. Expression e pkT vector yielded insoluble protein as
well. Therefore, to obtain the proteins with freetddminus the removal of the his tag by
cleavage with site specific protease was used.cCldw/age site for Factor Xa protease was
introduced in front of the Metl of the investigafdteins. After the successful cleavage with
Factor Xa the proteins were analyzed by westerh dhd SDS PAGE (Figure 20) for the
absence of the his tag by the use of his tag speuifibody.

2.A 1.B

1 2 3 M 4 5 6 M 7kkba 1 2 3 M4 5 6 M7

116
66.2

45
35

25

16.4
14.4

Figure 20. Protease Factor Xa His-tag cleavage reac#oi®DS PAGE gelB western blot
probed with anti his tag antibodies. The numbeasg$ are:1 PFOMT NO,2. PFOMT NOXal
not cleaved, 3 PFOMT NOXal his tag cleaved, 4 NRR22Xal not cleaved, 6 N22Xal his
tag cleaved, 7. PFOMT NO reference

Additional bands around 60 kDa correspond to tineedzed PFOMT. Their appearance is an
artifact caused by which was not fully reduced byTDpresent in the gel loading buffer and
formed dimeric aggregates. Subsequent additiofrrokrcaptoethanol as the reducing agent
lowered the amount of aggregates present in thédgéh not shown). There are clear signals
of anti his antibodies with the protein bands whedmtain a his tag while the lane with the
cleaved protein shows no reaction (Figure 20).

It was observed that the lane where reference N@&ip was run there are double bands
(lanes 4 and 5 Figure 20). This may be explainethbyprotein degradation or more likely,
impurities present in the protein preparation. Hesve when the protein was prepared and
purified by IMAC (See Materials and Methods sectibf.2) a single homogenous band on
SDS Page gel was present which corroborated theegrotein (Figure 19).

5.5.3.Activity assays

All obtained OMTs were tested for activity. The elgton of the reaction products was
achieved by RP-HPLC (Figure 21). The apparen{fn app and ka values were determined.
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Values were compared with the ones obtained fdrléunigth recombinant PFOMT arid.
sativa CCoAOMT.

A B
NO - Caffeoylglucose NO - Caffeic acid
AU | AU
0.07; 1782 Substrate 0121 2147 Substrate
0.06-
] 0.107
0.057 ‘
0.08- l
0-04‘5 2.071 i I
0.03- | Product : I
] 0.041 | 2,532
0.02 ' | Product
0.01: 0.021
0.0‘5 0.0 +— - -
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Figure 21.Sample chromatograms of the enzymatic reaction 6f M reaction with
caffeoylglucose forming the product feruloylgluc@s&lB caffeic acid forming ferulic acid.

Table 5 shows the Kapp Values obtained for the hybrid proteins. The expental value of
the reaction velocity was determined for differsnibstrate concentrations. For each data

point three independent reactions were carried out.

Table 5. The Ky, appVvalues for investigated proteins with the errothef curve fitting result.

SubstrateK m app [nM]
Protein Quercetin QuercetagetirCaffeic acid CCoA Caffeoylglucosg
NO 0.78 +0.26 0.51 +0.01 0.99 +0.0f 2.86 +0.5¢ 2025

NOXal CL 1.00 +0.07 1.76+0.22 8.61 +0.411 6.06 £1.97 1.72 +0.13

N22 3.93 +0.42 1.57+0.39 112 +10 103+27 48,2 +8.8
N22Xal CL 4.74 +0.59 1.56+0.62 >1000 >1000 49.6+1.
Loop 5.07 £0.50 0.96 +0.25 2.81 +0.1p 0.35+0.0 3620.424

Double22 6.97 £0.49 2.02 +0.24 3.82 +0.93 0.62%0.1 3.07 +0.394

MedCCoAOMT| 5.91 +0.71 3.63 +0.55 56.2+13.1 0.31 +0.0p 76.7.211
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The obtained turnover values were averaged ovee theeasurements and then used to
determine the amount of product formed. Taking iatgount the time of the reaction the
velocity was calculated. Thegppand Mnax (Maximum velocity of the reaction) values were

obtained by nonlinear curve fitting assuming Midiga®lenten steady state kinetics (Figure

NO - Caffeoylglucose NO - Caffeic acid
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Value Error Value Error
m1 2,0196 0,15032 m1 0,9882 0,072808
m2 | 0,00056453 | 1,035e-05 0+ m2 | 0,00080942 | 1,1923e-05 |
0r Chisq | 1,6872e-10 NAL ] Chisq | 1,5445e-10 NA
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Figure 22.The charts show the results of the curve fitting 0 and two substrate&
caffeoylglucose an@& caffeic acid. Nonlinear curve fitting was useddttermine the kinetic
parameters of the investigated proteins.

The Ky app Values for PFOMT NO protein towards all substraiss quite low. This protein
shows high affinity towards all substrates with tB€oA and caffeoylglucose having the
lowest affinity. PFOMT NOXal with the removed Ni+t@nal his tag shows comparable
results. The I appVvalue for caffeic acid and CCoA are the ones whange discrepancies can
be observed. Removal of the his tag lowers thaigffof the protein towards almost all of the
substrates with the exception of caffeoylglucodeis effect is most pronounced for caffeic
acid and CCoA. Replacement of the first 22 N-teaheamino acid residues does not affect
the affinity of protein towards quercetin and gqetagetin to a very large extent. This is
observed regardless of the his tag. Theaks values for caffeic acid as well as its CoA ester
and glucose derivatives are very high in comparigothe original PFOMT protein which
except for the decreased affinity for CCoA makesnihsimilar toM. sativa CCoOAOMT. The
replacement of the N-terminus lowered the affifiatyycaffeic acid and caffeoylglucose which
makes those proteins similar to CCoAOMT. In caseN@R with the N-terminal his tag

removed those values could not be determined. Tihess for those calculations are almost
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straight lines. The presence of the his tag caasdifferent kinetic behavior of the proteins.
The Loop and Double hybrids show large increasafimity towards caffeic acid, which
makes them similar to thkl. sativa CCoAOMT. However, unlikeM. sativa CCoAOMT
those enzymes still show quite high affinity towadaffeic acid and caffeoylglucose. Thg K
app Values for the hybrid proteins towards quercetml @uercetagetin do not show high
variations and are somewhat higher than from PFGIMd PFOMT where the his-tag was
cleaved off. However, in this case the values fatations are within the same order of

magnitude.

Table 6. The ka/Km appValues for investigated proteins

Substratd(cat/Km app [S-lM -1]
Protein: Quercetin| Quercetageti@affeic acid CCoA Caffeoylglucose
23,600 22,900
NO +7900 22,000 +400 +1700 12,400 £2400| 15,700 +120pD
21,400
NOXal CL +1700 17,200 £230¢ 2310 +120 2130 +740 16,400 1300
N22 2880 +320] 8900 +230( 93.2 +1115 105 +36 233 +54
N22Xal CL 1920 +250 14,800 +6000 n.d. n.d. 846 +34
Loop 727 £77 1510 +400 67.9+3.1 27,900 £7800 158 +
Double22 328 +25 584 +71 20.4 +5.p 8390 +2020 48.6
10,700 200,000
MedCCoAOMT +1400 8680 +1420| 8.22 +2.44 +60.800 289 +55

The KealKm app Values represent the catalytic efficiency of thmetgins (Table 6). The his
tagged and non-tagged PFOMT show the highest vétueguercetin ad quercetagetin. The
influence of the his tag is most pronounced fofetafacid and CCoA. Replacement of the N-
terminal residues lowers the catalytic efficienowards all substrates by at least one order of
magnitude. The loop hybrid despite low turnoversveh the highest catalytic efficiency
towards CCoA. This fact makes it similar in catalyiroperties toM. sativa CCoOAOMT. The
low efficiency of this enzyme towards caffeic aesdstill higher than that of the substrate
specificM. sativa CCoOAOMT but two orders of magnitude lower thanttbbPFOMT. The
replacement of both N-terminus and loop sequences dwot produce such profound
differences. However, the differences in the cai@lefficiency between the different
substrates are of similar levels compared toMheativa CCoOAOMT. The overall efficiency
of the Double22 hybrid is usually one tenth and kbsin that of th#. sativa CCoAOMT.
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5.6.The structure and characterization of SynOMT

5.6.1.Purification of SynOMT

SynOMT is a M§‘dependent OMT from the cyanobacteri@mechocystis sp. strain PCC
6803 and it is coded by tler0095 gene. The cDNA coding for SynOMT was amplified by
PCR reaction with the primers that introduced #striction sites used for cloning (see details
in (Kopycki et al., 2008b)). The gene was clonetb ipQE30 vector which provides N-
terminal his tag that aids in the purification aMd5 pREP4 cells were used for protein
expression. One step of IMAC over a Talon resin wafficient to obtain the protein of
sufficient purity. The yield of the soluble protewas approximately 1 mg from a 11 of
bacterial culture. The cultures were always inaeaawith freshly transformed cells, as
deterioration of protein expression was observezhuppeated re-growing of frozen bacterial
stocks. This instability of the protein expressisrthought to be caused by a mild toxicity
effect of specific methylation carried out by Syn®Nh E. coli cells. When a prokaryotic
enzyme is expressed as a soluble proteiB. toli, undesired methylation reaction may take
place within the bacterial cells.

After purification the protein was concentratedStdmM Tris 10% glycerol buffer pH 7.5.
Figure 23 shows the course of recombinant puriboabf SynOMT. This protein preparation
was used for crystallization and activity assays.

1 2 3 4 5 M 6 7 kDa
200
150

100
75

50
37

25
20

15

10

Figure 23.The IMAC purification of SynOMT. The numbered lan@®: 1 Cell Lysate, 2

soluble protein, 3 flow through, 4 30 mM imidazelash, 5 240 mM imidazole elution, 6
Rebuffered and concentrated preparation, 7 PFOMT risféerence. The marker lane is
annotated M.
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5.6.2.1dentification of the para methylation carried out by SynOMT

Like the plant enzymes SynOMT is capable of metingathe substrates with vicinal
dihdroxy aromatic structures. This is consisterthwhe substrate specificity profile for the
related plant and animal enzymes. According to segel homology this enzyme belongs to
Mg**dependent OMTSs, so the presence of a magnesiurasianprerequisite for enzymatic
activity is expected. This dependence was testerkimpving any bivalent cations from the
reaction environment by the addition of EDTA. SeVetifferent bivalent cations were also
tested to check for influence in the activity of ¢nzyme.

The reaction products of SynOMT with trihydroxy mamic acid were identified by
co-chromatography with authentic standards and eoisgn of the UV spectra generated by

diode-array UV-detection system (Figure 24).
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Figure 24. The chromatograms and UV spectra of SynOMT and PF®@&Action mixtures
with trihydroxy cinnamic acid. S, substrate 3,4jBytdroxycinnamic acid; P1, 3,5-dihydroxy-
4-methoxycinnamic acid; P2, sinapic acid; P3, 5rbyg-3,4-dimethoxycinnamic acid; P4, 5-
hydroxyferulic acid.

There were two reaction products obtained in tlaetien with 5-hydroxyferulic acid. The
first one showed spectral similarities to sinapadawhile the spectral properties of the
second one bore no resemblance to known methylgtroducts of plant enzymes. The
reaction with 3,4,5-trihydroxycinnamic acid prodddhree products, one of which could be

identified as sinapic acid (P2) and the other twoluding the predominant one (P1). Neither
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the ferulic acid nor sinapic acid, due to the latkeighboring hydroxyl group, can not be a
substrate for further methylation. This fact ledatgonclusion, that the methylation could be
directed into a different hydroxyl group than irttase of plant OMTs. Figure 25 depicts the
methylation reactions of trihydroxy cinnamic aciarred out by SynOMT contrasted to that

of PFOMT.

A

0 0 0
HO > X HO P4 H.CO P2 .
? OH J X OH ’ ? OH
SynOMT
HO™* Y3 HO™* ™3 HO™* 3
OH OCH. OCH,
P1 i P3 i
HO_ 5 ™ oH HO s X oH
H.CO™* Y3 H,CO™* 5
OH OCH,
B
0 0 0
HO S ™ HO P4 ™ H,C O P2 N
S OH 3 OH : ? OH
PFOMT
HO 4 5 —» HO T4 Y3 —> 0 Y
OH OCH, OCH,

Figure 25. Reaction scheme contrasting the position spegifizitmethylation carried by,
SynOMT from Synechocystis sp. strain PCC6803 ar8i, PFOMT fromM. crystallinum. S,
substrate 3,4,5-trihydroxycinnamic acid; P1, 3MBydroxy-4-methoxycinnamic acid; P2,
sinapic acid; P3, 5-hydroxy-3,4-dimethoxycinnamaida P4, 5-hydroxyferulic acid. In the
case of SynOMT, P4, the precursor for P2 and P@ldcoot be detected by HPLC and is
shown in gray.

The reaction prominent products of SynOMT with 3;#ihydroxycinnamic acid acid were
isolated, purified by HPLC and analysed.’byand®*C NMR (Table 7) and ESI-MS as well
as GC/TOFMS (Table 8). The NMR analysis and inetgiron of the results were performed
by Dr. A. Porzel and the mass spectrometric analygse Dr. W. Schliemann and Dr. J.
Schmidt. One- and two-dimensional NMR experimengsulted in an unambiguous
assignment of altH and**C NMR signals of 3,5-dihydroxy-4-methoxycinnamidda¢with
the exception of th&C signal of -COOH, for sensitivity reasons). Onlg-&-methylation is

in accordance with the isochronous NMR signals adions 2/6 and 3/5. Furthermore, the
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para position of theO-methyl group is shown by the high-field shift of4C(® **C 139.0
ppm), caused by the two electron releasing hydrexpistituents irrtho-position to C-4. In
addition, no NOE enhancement is observed betweesigimal of the methoxy group and the
aromatic protons.

These data are consistent with an unusual preferehthis enzyme for thpara-position,
leading to the formation of 3,5-dihydroxy-4-methoiynamic acid (P1 in Figure 24). The
simultaneous appearance of two dimethylated congum addition to 3,5-dihydroxy-4-
methoxycinnamic acid in the HPLC analysis was comdd by GC-MS data (Table 8; Figure
24). Those analyzes concluded unequivocally that phedominant reaction product of
SynOMT and trihydroxy cinnamic acid was a@4methyl derivative. The 3,5-dihydroxy-4-
methoxycinnamic acid is a predominant reaction pebavhich suggests the preference for
methylation in this position. One of the two remagireaction products had the same spectral
properties and retention times in HPLC as well & @-hydroxy-3,5-dimethoxycinnamic
acid (sinapic acid). The second product (P3) wéhy\similar spectral properties to thara-
methylated 3,4,5 trihydroxycinnamic acid showededént LC and GC retention times when
compared to sinapic acid and, corroborated by GCdist& was thus identified as 5-hydroxy-
3,4-dimethoxycinnamic acid. Those findings weresistent with the observation of reaction
products of the reaction with 5-hydroxyferulic acfdonsequently, incubation of SynOMT
with 5-hydroxyferulic acid, resulted in the formati of 5-hydroxy 3,4 dimethoxycinnamic

acid as well as sinapic acid as expected.

Table 7. The NMR data of 3,5-dihydroxy-4-methoxycinnamicdaci

PoS. s *H [ppm], _multlpllc-lty J [.Hz]), & G2 [ppm]
relative integral intensity
1 132.4
2/6 6.5885s, 2H 108.6
3/5 152.1
4 139.0
4-OCH; 3.824,s, 3H 60.8
7 7.448d (15.9), 1H 146.5
8 6.246d (15.9), 1H 118.0
9 n.d.
& chemical shifts of HSQC and HMBC correlation peaks
"4 not determined
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Table 8.GC/TOFMS data of derivatized hydroxycinnamic acidngards and products of
3,4,5-trihydroxycinnamic acid methylation catalyzsdSynOMT.

Rt (min)

Identifier| . m/z found m'z Compound
cis trans
calculated for
Ci18H3204Si3 ) )
Caffeic acid-3TMS
1117 30.67 32.94| 396.1589 396.1608

C16H2604Si,
1118 29.67 32.32| 338.1372 338.1370

Ferulic acid-2TMS

C21H4005S1, 3,4,5-Trihydroxycinnamic acid-

1121 33.07 34.92| 484.1994 484.1953 A4TMS

C19H3405Si

19T 5-Hydroxyferulic acid-3TMS
1119 32.65 34.92| 426.1749 426.1714

C17H2805Sk L

Sinapic acid-2TMS

1120 31.92 34.54| 368.1492 368.1475

C19H3405Si3 3,5-Dihydroxy-4-methoxy-
1129 31.57 33.70 | 426.1741 426.1714 cinnamic acid-3TMS

C17H2805S1, 5-Hydroxy-3,4-dimethoxy-
1130 31.20 33.57 | 368.1347 368.1475 cinnamic acid-2TMS

The appearance of the dimethylated product shoatsthie discrimination of the position for
methylation is not strict and the enzyme is capaiflanethylation in position 3 of the
aromatic ring as well. The absence of other monbytatied derivatives in the position 3 can
be explained by the subsequent methylation reactMimen a methyl group is introduced to
an hydroxyl moiety in position 3 of the phenyl rirtge two remaining hydroxyl groups are
neighbouring. Such a situation allows for a subsatmethylation of one of the remaining
OH groups, this phenomenon was also observed fOMMPFfrom M. crystallinum. In case of
SynOMT two double methylated reaction products wésand. Those findings were
consistent with the observation of the productthefreaction with 5-hydroxyferulic acid. The
identified sinapic acid is methylated in positioBsand 5 and the second product was

determined to be the 3@methyl derivative.
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5.6.3.Kinetic characterization of SynOMT

Due to the expected similarity to plant enzymes, ftllowing substrates were tested: caffeic
acid, protocatechuic acid (3,4 dihydroxybenzoicdpciCCoA, quercetin, tricetin (this
compound was a kind gift from Ragai Ibrahim Depamninof Biology, Concordia University,
Montreal, Canada) and 5-hydroxyferulic acid, anifiaidl substrate, 3,4,5-trinydroxy
cinnamic acid was also tested and kinetic parameletermined (Table 9). The low values of
kinetic constants maybe the result of the fact toate of the tested substances is the natural
substrate for SynOMT.

Table 9.The kinetic parameters of SynOMT

Substrates Kan app [MM] Kcat [1/S] | Kea Km app [1/(S *UM)]
5-Hydroxyferulic acid 74.0 0.02500 0.00034
Caffeic acid 69.3 0.00551 0.00008
CCoA 32.9 0.02450 0.00074
Caffeoylglucose 106 0.00951 0.00009
3,4,5-Trihydroxycinnamic acid 20.7 0.01040 0.00050
Tricetin (3',4',5,5',7-
pentahydroxyfiavone) 5.00 0.00885 0.00178
Protocatechuic acid 215 0.00802 0,00004

The apparent K and k4 values were calculated from Lineweaver-Burk plotse OMT from
cyanobacteria shows the highest affinity to tricednd caffeoylglucose. However the two
substrates that have the fastest turnover rateS-hyelroxyferulic acid acid and CCoA. The
turnover rate of tricetin is not the highest. Thg/lkn, ratio for tricetin is the highest of all of
the substrates tested. It is around two to fiveeitarger than that of the rapidly converted
substrates as 5-hydroxyferulic acid and CCoA. Okl however keep in mind that all of
those substrates were artificial ones and the iredglvo substrate is not yet known. The
flavone, tricetin seems to be well accepted ancbitld be speculated that the real in vivo

substrate may have similar structure or at leaghgdroxylated phenyl moiety.
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5.6.4.Crystallization and structure determination of SynOMT

The findings concerning the unusual position pegiee for methylation carried out by
SynOMT lead to questions about the structural reguents. With this goal in mind efforts
were undertaken to obtain suitable crystals of SyOPurified recombinant SynOMT was
set up for crystallisation with a standard set pfstallisation buffers. The ligands of the
protein were included in the protein solution. Gays were obtained from 0.2 M magnesium
chloride hexahydrate, 0.1 M Tris hydrochloride pi3,80 %w/v polyethylene glycol 4000
with the addition of AdoMet and caffeic acid.

Figure 26. The crystal of SynOMT for which a data set wasemi#d.

The best diffracting crystal (Figure 26), althougiite small, yielded a data set of resolution
up to 2.0 A. This data set was collected on Rawis+ with image plate detector. The 23
space group with the cell constants of a=57.62271622 ¢=119.834 was determined. Table
10 summarizes the data collection and structureewfent parameters. The structure was
solved using molecular replacement approach with gtructure of PFOMT (PDB code
3C3Y) was used as search model. The refinemerteo$tructure did not give a satisfactory
results. Twinning of the crystal was detected dytime re-evaluation of the diffraction data,

and the twinned refinement provided by CNS progveas finally used to refine the structure.
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Table 10.Crystallographic data, phasing and refinementsttesi for SynOMT (PDB code

3CBG)

Data Collection

Wavelength A ) 1.5418
Resolution A ) 30-2.0

Total reflections 140633
Unique reflections 16207
Completenedq%) 100 (99.9)
l/cI(1) 08 17.4 (2.7)
Reyn™" 0.124 (0.703)
Redundancy 8.7 (6.9)
Refinement

Refinement reflections 16164

Twinned R
Twinned R
Protein atoms

0.1519 (0.273)
0.2154 (0.308)
1703

Ligand atoms 95
Water molecules 124
rmsd bond lengtfigA) 0.006258
rmsd bond angl&¢°) 1.23469
<B-factor> protein (A) 28.93
Twinning fraction 0.284
Twinning operator -h,-k, |
Ramachandran plot (%)

Most favored regions 91.9

Additional allowed regions 7.0
Generously allowed regions 1.1

8 The values in parentheses represent the valug¢isefdrighest resolution shell.
® Rsym = [In -<In>|/Zl,,, where <}> is the average intensity over symmetry-equivalent
reflections.
° R=X||Fobd-|Fead |/ Z| Fobd

Riee is calculated as R, with9.2 % of the data ( 148kctions) excluded from the
refinement
®The rmsd for bonds and angles are the rmsd froal iddues

5.6.5.Structural details

SynOMT exists as soluble dimer (Figure 27), butyarie protein molecule was found in the
asymmetric unit. The reconstruction of the funciloassembly is possible by applying the
crystal symmetry operations to the structure. Titwegin consists of 220 amino acid residues,
with an additional 12 N-terminal vector derivedide®s containing the His-tag. The first
residue visible in the electron density is Lys3eTasidues comprising N-terminal his tag and
first two residues of the protein are not definggisumably due to the high flexibility of the
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N-terminus. The number of the N-terminal residu@sifhich the electron density is observed
is still much higher in comparison with PFOMT or @KOMT structures. The structure
contains the methyl group donor AdoMet in its demgltted form (AdoHcy) as well as two
possible reaction products, ferulic acid and isdferacid. The crystallization solution
included caffeic acid, which was methylated durthg crystallization to form ferulic and
isoferulic acid. Electron density for the Kfgon is well defined and clearly interpretable. The
electron density for the methyl derivative of caffacid shows that the are two possible
reaction products bound to the active site, theliferacid and the isoferulic acid. Both
possible molecules of the reaction products weeequ in the same place and given 0.5
occupancy each. The spatial constraints setup gitine refinement cycles were ignored for

this pair of molecules. In addition 259 water males were found in the crystal structure.

Figure 27. Dimeric structure of SynOMT. The monomers are shownlue and green. The
red spheres are the Kfgcations bound in the active sites of each of tiiéain molecules.
Cyan sticks represent the AdoHcy and while theoyelbnes one orientation of the bound
substrate.

5.6.6.Topology of the SynOMT

The overall fold of the protein is almost identi¢althe one described for PFOMT, aff
Rossmann fold, which is shared by all structuralaracterized AdoMet dependent OMTs
(Schluckebier et al., 1995) (Figure 28). The cdréhe protein is composed of sevgisheet
strands out of which six of them are parallel toheather and one which is in anti parallel
orientation. The-sheet structure is surrounded by eigtftelices, three on one side of the b-

sheets and remaining three on the other.
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Figure 28. Topology of SynOMT in spatial orientation. The gzhere represents the flg
ion bound in the ctive site of the protein.

The first view reveals the structural similarity @ng the plant OMTs and SynOMT. The
algal enzyme shares the same fold as describd@HOMT and CCoAOMT

Figure 29. Superposition of structures of plant OMTs and thierobial OMT. In yellow
PFOMT, dark green CCoAOMT, light green SynOMT.
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5.6.7.Binding sites

5.6.7.1.lon binding site of SynOMT
As in other cases of Médependent OMTs a metal ion is present in the stractSeveral

polar residues take part in the binding of the ineta. Those interactions include the
hydrogen bonds formed between the metal ion andithe chains of the residues: Aspl43,
Aspl69, Asnl70 (Figure 30). An additional bonds bBkely to form between the water

molecule present near the active site and the lbmeklzarbonyl oxygen of Met 42 and
nitrogen atom of lle44 (not shown). A similar wateolecule is found in the PFOMT

structure. In case of PFOMT Thr54 and for CCoOAOMHra3 corresponds to lle44, and
although the side chain occupies a different pwsithe backbone nitrogen of this amino acid
is still able to take part in the binding of the mhened water molecule. In Case of
CCoAOMT the low resolution did not allow for idefntation of water molecules coordinated

to the bivalent cation.

ASP-143

ASP-169

Figure 30.Representation of SynOMT cation binding site. Thaygsphere represents the
Mg®* ion bound to the protein. The blue sphere standsafwell ordered water molecule
interacting with the cation. The distances in Anfroatalytically relevant amino acid residues
are shown with gray dashed lines.

The superposition of the three OMT structures risveeat the metal ions are bound in very
similar position in all three structures. In casahe other two OMT structures the identical

residues take part in the binding of the ion. Thaservation of the residues that bind the
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bivalent cation results from the absolute necesdign ion for the activity of those enzymes.
Table 11 summarizes the residues interacting \wethcation in three related structures.

Table 11.Cation interacting residues

CCoAOMT PFOMT SynOMT

Residue|] atom dlst’g\mce Residue atom dlst’g\mce Residue aton dlst’gmce

Lys 3 NZ 4.11
Met 61 O 4.24 Met 52 O 4.03 Met 42 O 3.77
Thr63 | OG1 4.29 Thr 54 0OG1 4.68
Glu 67 OE1l 4.80

Asp 163 OD1 2.74 Asp 154 OoD1 2.36 | Asp143| OD1 2.29

Asp 163] OD2 2.89 Asp 154 oD2 2.61 | Asp 143 0OD2 3.40

Lys 157 NZ 4.08 Lys 146 NZ 3.96

Asp 189 OD1 4.34 Asp 180 OoD1 445 | Asp169| OD1 4.44

Asp 189 OD2 2.27 Asp 180 OoD2 236 | Asp169| OD2 2.32

Asn 190 N 4,79 Asn 181 N 487 | Asn 170 N 4.65

Asn 190, OD1 2.61 Asn 181 OoD1 2.39 | Asn170| OD1 2.24

Asn 190, ND2 3.22 Asn 181 ND2 3.76 Asn 170| ND2 3.30

Close contacts for cation interacting residues inmddentified by CONTACT (part of CCP4

suite)

5.6.7.2.Substrate binding site
The structure shows a bound substrate in the adiitee of SynOMT (Figure 31). The

hydroxyl oxygens of caffeic acid derivative formdnggen bonds with the magnesium ion.
The unmethylated hydroxyl oxygen atom in positiorof3the phenyl ring is bound by
hydrogen bonds with Asn170 and Lys3. The Hisl74asitioned in such a way that it
interacts with the carboxy function of the substratolecule. The residue Lys146 is directly
involved in the methylation reaction. This is treatytic lysine residue that deprotonates the
hydroxyl oxygen in preparation for the methyl grdtgmsfer from AdoMet donor. The action
of such catalytic lysine residues was describethenreaction mechanism for other cation
dependent methyltransferases (lbrahim et al., 1988ddition to that the hydrophobic ring
of the substrate molecule forms hydrophobic int&vas with following residues: Met42,
Trpl73, Aspl43, and the methyl group donor AdoMéte hydrophobic “gating” residues
such as Met42 and Trpl73, have been describedtlier gation dependent plant OMTs to

form an important part of the substrate bindingityav
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Figure 31.Binding of two reaction products the active site nOMT. The figure A
represents binding of 40Me-caffeic acid and B, 3Q@id#eic acid. The catalytically
important residue Lys 3 is shown in blue. For 30daéfeic acid an “unproductive” binding
IS observed. The reaction product was found in su@Entation that the methylated hydroxyl
group was away from the cation.

The experimental evidence shows that methylatiorcadfeic acid catalyzed by SynOMT
leads to formation of two reaction products 3OMé#eaa acid (ferulic acid) and
40Me-caffeic acid (isoferulic acid). The observddcwonic density further confirms this
observation. Ferulic acid can be placed into tloeiatlof electron density in two orientations
(Figure 31). Moreover, the additional density is@lved at an angle to hydroxyl group in
position 4 clearly showing the presence of an &t methyl group. It should be noted,
however, that the experimental evidence shows fiiomaf only monometylated products,
no dimethylated product of caffeic acid was observ&his fact further supports the
interpretation of the density for the substratévas superimposed possible orientations. Both
hydroxyl oxygens of caffeic acid form hydrogen bsmdth magnesium ion. This observation
is consistent with the proposed mechanism of thactien for this group of
O-methyltransferases. The interaction with the bival®n is necessary to facilitate the
ionization of hydroxyl group which is to be methyd. The position of the ferulic acid is
furthermore stabilized by interactions of hydroxf{dygen atoms with Lys146 and Asnl170
(Figure 32). The interactions observed for Lys1#&ynOMT are not present in the structure
of M. sativa CCOAOMT even though the corresponding amino agisllb6 occupies similar
spatial position. In the structure of CCoAOMT tlamino acid is too far away to form
hydrogen bonds with the hydroxyl oxygens of 5-hygferuoylCoA. The position of
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substrate/product in the active site of SynOMT d&litonally stabilized by interaction
occurring between the carboxyl function of the $tate molecule and His 174. The closest
nitrogen atom of the histidine residue is locate#b8 away from one of the oxygen atoms of
the carboxyl group. This distance and the anglehath both atoms are placed excludes the
possibility of formation of hydrogen bonds. Thosenas may however interact through
electrostatic integrations, that furthermore stabithe substrate molecule in the orientation
favoring the methylation in theara position of the benzene ring. The correspondinghami
acid in the structure of PFOMT is Gly 185 and ie ttase of CCoOAOMT is Asn 194. The
absence of the charged residues in the structurE-OMT may further explain the substrate
promiscuity of this protein. There are less intdoacbetween the substrate and the protein
that are immobilizing the substrate in the propeerdation. The phenolic moiety of the
substrate/product molecule fits in the hydrophgimcked comprised of Trp 173 and Met 42.
In case of CCoAOMT this hydrophobic pocket has tmore components Tyr 208 and
Tyr 212 besides the corresponding methionine ayjptdphan. The absence of those bulky
residues in the structure of SynOMT may explain dbdity of the protein to produce two
methylated derivatives of caffeic acid. Withoutgbasteric constraints the substrate molecule

may have more freedom in the active site and béytaged in different positions of the

phenyl ring.
®
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Figure 32.Interactions of substrate bound the active sit8ywfOMT. The schematic plot of
the interactions A. The structural view B. The dakHhines represent most important
electrostatic interactions. The hydrophobic intéoexs are shown with arches and short lines.
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Ferulic acid was modeled into the active site ef & SynOMT in a position that allows for
methylation in the meta position of the phenyl rifipe calculation of electrostatic potential
surface shows that the substrate binding caviposstively charged. This charge distribution
shows possibility of formation of electrostaticardactions with negatively charged carboxyl
groups of the substrate molecules. The substratirg cavity allows for the positioning the
caffeic acid in many orientations. The flavonoidbstnates could also be docked into the
active site without difficulties. It should be kept mind that the co-crystallized substrate is
only an artificial one. The natural substrate fustenzyme remains unknown. The substrate
prediction approaches were carried out for catiodependent OMTs of plant origin
(Schroder et al.,, 2002). The sequence analysis thadinformation obtained from the
structures of related enzymes enabled with strattimta helped to provide a rational guess
as to thein vivo substrate. SynOMT is the first OMT characterizeaht an cyanobacteria.
The data presented for SynOMT suggests certairactaistics of the preferred substrates.
The activity of this protein towards substratesepted by the related plant enzymes suggests
a preference for compounds having polyhydroxylgtieeinyl ring moieties. The overall shape
of the active site allows for accommodation of alevrange of compounds. The positive
overall charge of the active site furthermore ftatiés the binding of negatively charged
substrates (Figure 33). It should be noted, thatllemmolecules such as dhiydroxy benzoic

acid are not readily accepted by this enzyme.

-

Figure 33. Electrostatic surface representation of SynOMT mmogrowith substrates docked
in different orientations. In purple the ferulidddound to the structure is shown. The yellow
molecule shows possible orientation for of substtatallow for methylation imeta position.
The blue colored surface represents the positiaegehwhile the red color shows negative
charge.
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The phenylpropanoids as well as larger molecule$lagonoids are better substrates. This
fact may be explained by an additional stabilizintgractions that a larger molecule forms
with the amino acid residues forming the activee.sithe important structural difference
between M§'dependent OMTs is the loop spanning Trp193 to Tyrilthe structure of
CCoAOMT. This region distinguishes the plant dediv@CoAOMTs from structurally and
functionally related animal catechol OMT. In cadeSynOMT this region is also quite
different. It spans from residue 173 until 185 asd amino acids shorter. The previous
experiments proved that this region is responsibtesubstrate recognition. The varying

length and amino acid sequence of this part

5.6.7.3.AdoMet binding site
The binding site of AdoMet molecule is conservedagall members of AdoMet dependent

OMTs. There is a number of residues involved infdrenation of hydrogen bonds that bind
AdoMet in place. A closer look at the AdoMet binglisite of SynOMT reveals high
conservation of the residues taking part in theactir binding (Figure 34). The spatial
orientation and the types of identified hydrogemdale very similar to those described for
CCoAOMT structure. Moreover, the placement and dhentation of cofactor itself are
almost identical. In this way, Asp165 of CCoOAOMTri@sponds to Aspl45 of SynOMT,
Alal140 with Alal21, Asp111 with Asp92, Gly87 and$2with Gly68 and Ser74. The Table

12 summarizes the residues forming binding cawatyddoHcy/AdoMet molecules

Table 12.Residues comprising the binding cavity for AdoHaogletule

CCoAOMT PFOMT SynOMT
Thr 63 Thr 54 lle 44
Glu 85 Glu 76 Glu 66
Gly 87 Gly 78 Gly 68
Val 88 Val 79 Val 69
Tyr 89 Phe 80 Phe 70
Ser 93 Ser 84 Ser 74
Asp 111 Asp 102 Asp 92
lle 112 Phe 103 GIn 93
Pro 139 Asp 130 Pro 120
Ala 140 Ala 131 Ala 121
Asp 163 Asp 154 Asp 143
Asp 165 Asp 156 Asp 145
Tyr 172 Tyr 163 Tyr 152
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Figure 34.Binding of a AdoHcy cofactor on the example of S\hD Polar contacts were
identified by CONTACT (part of the CCP4 suite andgualized with Ligplot) and are shown
as dotted lines. The distance of each interactiaivien in A

5.6.8.N-terminal mutations

The lysine residue in the position 3 of the polyjmp chain of SynOMT occupies the
position pointing inwards to the active site. Itthe first structure of Mjdependent OMT
where one of the first amino acids is visible. Bhectron density shows the presence of the
reaction product bound in the active site of thatgin. The side chain nitrogen of the Lys3 is
located 2.92 A away from the 3' oxygen of the 4Qddevative of caffeic acid present in the
structure. Such distance between those two atorggesti that a hydrogen bond maybe
formed that stabilizes the substrate in the actite exposing thepara position to the
methylation reaction. It was proposed that thiddwes may influence the activity of the
protein as well as the methylation position spettifi Similar phenomenon was observed in
case of PFOMT, since the removal of the lysinedigss located on the N-terminus resulted in
an altered specificity of the enzyme (Vogt, 2004)e biggest difference in enzymatic activity
was observed with the PFOMT variant where 11 N-teamresidues were removed. The

notable fact is that the residue number 10 in #wuence of PFOMT is also a lysine. The
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structure of SynOMT suggest that the lysine resitheated on the N-terminus of Mg
dependant OMTs may be an important stabilizingofaapon binding of the substrate in the
active site. In order to investigate the actiontlug residue, a mutation where Lys3 was

replaced by an alanine had been proposed.
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5.6.9.Expression and purification of the SynOMT K3A mutart

The SynOMT K3A mutant was produced with the usesité directed mutagenesis. The
SynOMT K3A mutant protein was purified, concentdand rebuffered. The yield of the
protein was comparable to the wild type SynOMT @/ culture). The purity of the protein

preparations was confirmed by SDS Page (FigurdaB&) 4.
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Figure 35.IMAC purification of the SynOMT K3A mutant. The nirared lanes are: 1
soluble protein, 2 flow trough, 3 30mM imidazoleska4 240mM imidazole elution. The
molecular weight marker is annotated with M.

5.6.10.The kinetic parameters of the K3A SynOMT mutant

The specific activities of the SynOMT K3A mutanbt&in towards different substrates were
measured and compared with the ones obtained tompthified proteins. The produced
mutant shows a significant drop in the activity &vds virtually all of the substrates. In two
cases, values of the activity were above 0.5% ef whld type activity (Tablel3). The
dramatic drop of activity confirms the importanddhe Lys3 for the methylation reaction.
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Table 13.The percentage of specific activity of SynOMT K3Aitant in comparison to the

wild type SynOMT (100%)

Substrate

Percentage activity SynOMT K3A mutant

5-Hydroxyferulic acid

0.70% corresponding to 0.060 pMol/(s*ug)

Pentahydroxyflavone)

Caffeic acid 0.61% corresponding to 0.00044 pMbji(n
CCoA n.d.
Caffeoylglucose n.d.
3,4,5-Trihydroxycinnamic acid n.d.
Tricetin (3',4',5,5',7-
n.d.

n.d. not determined
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6. Discussion

6.1. Substrate specificity of cation dependent OMTs

Among the plant Mg dependent OMTs two groups of enzymes can be disshed. The
substrate specific CCoAOMTs,which can be regardetha enzymatic specialists, and the
promiscuous enzymes that methylate a variety obtsates with a similar efficiency, the
generalists. The specialization of the CCoOAOMTs rhaycaused by the involvement in the
lignin biosynthesis where CCoA is one of the magpartant intermediates. Current state of
knowledge does not offer extensive explanatiorhefdntire process of lignin production nor
does it answer why CCoAOMT is so specific towatdssubstrate while presenting almost no
activity towards the caffeic acid, which is alskey intermediate in this process.

Enzymes with promiscuous activities have been gms@al in plants, PFOMT is an important
member of this family (Ibdah et al., 2003). Othestpins of similar properties are also being
identified, an example here may be a cation depenO®IT capable of methylating vicinal
dihydroxyl system of flavonols found in rice (Lekeat., 2008). A recent report of the flower
specific OMT from A. taliana reveals its localization in tapetum and possibl@ement in
the methylation of phenylpropanoid spermidine cgajes detected in the flowers and mature
pollen grains (Fellenberg et al., 2008). With thbse groups of enzymes found at the same
time it seems that there is an apparent redundainf@Ts present in plants.

The solution of the crystal structure of PFOMT (Koki et al., 2008a), the enzymatic
generalist allowed for comparison to CCoAOMT (Fere¢ al., 2005). The AdoMet and
bivalent cation requirement are the factors infiieg the remarkable similarities within the
active site and overall structure of those proteirige topology of the active site itself is also
very similar because both enzymes catalyze prifigiplae same reaction, the addition of a
methyl group to a vicinal dihydroxyl system. Inghwvay both enzymes share the same
catalytic apparatus. The residues in the immedi&iaity are almost identical in both of the
cation dependent enzymes. Both proteins exist aserdi where the active sites are
independent of one another. It is plausible howetraat that a mobile N-terminus of one
monomer might communicate with the catalytic apperaf the second monomer (Figure
36). Such situation can be observed for the regerported structure of dimeric bacterial

OMT from Leptospira interrogans (LIOMT) of unknown specificity (Hou et al., 2007).
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Figure 36.Dimer representation of A LIOMTmonomers colored in blue and cyan) and B
PFOMT (monomers colored in pale yellow and browine red arrows highlight the position
of the N-terminus. In case of LIOMT the N-termimt@mmunicates with the active center of
the second monomer. For PFOMT the N-terminus ioteraith the monomer to which it
belongs. The AdoHcy bound to both structures iswshas sticks. The gray spheres in
PFOMT structure are the €&dons bound in the active site.

On the other hand, in case of cation independentrees, the active site is always composed
of the residues belonging to both monomers fornandimer. The attempts were made to
introduce new activities to OMTs (Frick et al., 20y recombination of OMT subunits.
Four of the cDNAs encoding OMTs involved in isocquline alkaloid biosynthesis were
obtained from berberine-producing cell suspensioitues of the meadow rughalictrum
tuberosum. The investigated enzymes sharing 93.2+99.7% idewtére determined to have
overlapping but not identical substrate specificitfie produced heterodimers in all possible
combinations (10 potentially different recombinddMTs) were tested with a library of
compounds. It was found that several substrates \Weae accepted as substrates by
heterodimers were methylated by homodimers.

The mechanisms governing the substrate speciftfityation independent OMTs were well
studied. Isoeugenol OMT and COMT, which share 88eéfiity at the amino acid level, are a
model system. Even with high amono acid sequencdlasity those two OMTs have a
distinct substrate preference and methylation sgggoificity. Seven amino acid residues
responsible for the substrate specificity were idfied. Mutation of corresponding residues
on COMT with the ones from isoeugenol OMT resuléth altered substrate specificity of
the mutant protein (Wang et al., 1999). A changa single amino acid residue was reported
sufficient to alter the substrate specificity of @#Mresponsible for the synthesis of 3,5-
dimethoxytoluene in roses. This volatile compousdresponsible for a specific scent of

Chinese roses and the modern hybrid varieties.diBpgthoxytoluene is produced from
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orcinol via two subsequent methylation reactiorstalyzed by two distinct OMTs. The
substrate specificity of those two orcinol OMTs dstermined by a single amonoacid
polymorphism (Scalliet et al., 2008).

Up to present moment no investigations were cawigdhat would explain how so similar in
structure cation dependent OMTs have such drantigtdifferent substrate specificities. As
indicated the N-termini of Mg dependant OMTs may play a role in the substrateifigity

of those enzymes. PFOMT isolated from the naturatce was determined by N-terminal
sequencing to have a N-terminus that is eleven @aaand residues shorter than the protein
expressed recombinantly (lbdah et al., 2003). [urtinvestigations carried out on
recombinant PFOMT (Vogt, 2004) confirm that thistpef protein is also responsible for the
enzymatic activity and substrate specificity. Reborantly expressed N-terminal truncations
were shown to differ in both the catalytic effioogras well as in substrate affinity.

In silico docking experiments were carried out to obtainisgmntitative data concerning the
substrate binding. The results of those dockingsethout on both structures (PFOMT and
CCoAOMT) using compounds accepted as substratdsofbrenzymes are in agreement with
previous observations (please see the Resultosiclihe compounds confirmed vitro to

be the preferred substrates for the enzymes cauduessfully docked to the structures. For
guercetin, a substrate-like orientation of thedlamid could be determined in the active center
of PFOMT with reasonable binding energies, wherea&nzymatically reasonable binding
mode could be found for CCOAOMT. The binding enesgdbf docking of caffeic acid and 5-
hydroxyferuloyl CoA clearly distinguish between $lgo two enzymes. Caffeic acid is
preferred by PFOMT in terms of binding energy, tdusanking, and cluster size, while the
results for CCOAOMT are less conclusive. For théA@ster the situation is reversed. Such
results were observed despite the absence of stalickata for the N-terminal residues in both
of the structures.

The analysis of the available structures togethién structure based amino acid sequence
alignments show that there are two regions whegeeathino acid sequence and the spatial
conformation differ greatly between the promiscuaumsl substrate specific OMTs. Those
were the N-terminus and the loop region locatedwéen strandp5 and helix a8.
Unfortunately in neither of the plant MigOMT dependent structures the N-terminal residues
were seen in the electron density. This indicabes this entire region is very flexible and
may easily change its conformation upon bindinghef substrate. The conformation of this
region, which begins with a shaxthelical turn, is supported by the N-terminal hadixthe

opposing monomer, so that the active-site clefteapp deeper and more restricted. This

82



insertion loop provides a scaffold for the CoA ntgief CCoA in the CCoAOMT structure.
Most interestingly, the loop region in PFOMT exlsba conformation markedly different
from that in CCoAOMT. It seems plausible that digieces in this loop and in the N-termini
of the two enzyme classes could provide a cluaegptomiscuous nature of PFOMT.

The influence on the substrate specificity of bibions of the proteins was investigated by
the production and the analysis of the hybrid pnsteéhat combined parts of the mentioned
OMTs. The investigated hybrid proteins were expdsas a N-terminal his tag fusion to aid
in the purification. In order to determine the ughce of the N-terminal his tag an additional
construct was made with a cleavable his tag. Thekd the K, ,ppvalues were recorded for
each of the investigated protein towards five gals$ to produce a substrate specificity
profile. The values obtained from the hybrid proseiwere compared with PFOMT and
CCoAOMT (Figure 37).

1000000.0
100000.0
10000.0 - —
— 0 PFOMT NO
£ oo BN22 hybrid
% ' B Loop hybrid
B CCoAOMT
¢ 1000 |
=
xu
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Figure 37.Catalytic efficiency profile for the investigatedropeins towards different
substrates. Please note the high catalytic effigieaf PFOMT NO (yellow bars) towards all
investigated substrates. The decreased (in conopats PFOMT) values of N22 hybrid
towards all substrates. The arrows indicate thelaiity of the Loop hybrid to CCOAOMT.
Low catalytic efficiency towards caffeic acid withh substantial increase towards CCoA
(orange bar). This mimics the behavior of CCoAOMTeén bar).

The following general conclusions can be drawn. Hybrids containing the loop part
exhibited higher catalytic efficiency towards th€E@A than caffeic acid and caffeoylglucose.

This observation coincided with the substrate d$p#gi profile recorded forM. sativa
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CCoAOMT. Where CCOoA is the preferred substrate @fteoylglucose together with caffeic
acid are very poorly methylated. The N-terminal rig$ containing the N-terminal sequence
of the specialized CCoAOMT showed largely reductuhity towards all substrates tested.
This effect is most pronounced for caffeic acid @sdderivatives. The influence of the N-
terminal his tag is also the factor to be taken extcount. The proteins where this affinity tag
was cleaved off show;k reduction towards the caffeic acid and CCoA. Tsisrgely due to
the increase in KappVvalues. For flavonoid substrates the decreasatalytic efficiency was
not so pronounced. Taking into consideration thes@nted results it can be speculated that
the N-terminal residues of PFOMT are responsible the recognition of the flavonoid
substrates while the mentioned loop part plays sserdial role in the positioning and
methylation of CCoA. The conjunction of effects sad by both investigated regions may be
the element that drives the specificity of those TONRossible explanations could also come
from unpredictable changes in the scaffold confdimna changes in protein stability, and/or
changes in the dynamic behavior of the hybrid eresinThe approach for creation of new
enzymatic activities through the recombination edidues or domain structures responsible
for these enzymatic activities has been attemptefbré. The mechanism of substrate
specificity of glucosyltransferase SaGT4A frofolanum aculeatisssmum was studied by
creation of hybrid proteins with sequences comingmf potato § tuberosum)

glycosyltransferase StSGT (Kohara et al., 2007).

6.2. Position specificity of cation dependent OMTs
SynOMT from Synechocystis sp. strain PCC 6803 asfittst cation- and AdoMet-dependent

O-methyltransferase to be characterized and crystdllfrom a prokaryote. The aviablilty of
this enzyme gives a rare opportunity to investigetdunction and special characteristics in
blue algae.

Preliminary tests revealed substrate specificitwfoinal dihydroxy groups of phenolics. This
is comparable with the currently known eukaryotrotpins. The natural substrate of this
enzyme is currently unknown. SynOMT exhibits akstgly different position specificity
when compared to eukaryotic enzymes. This OMT mabke of methylation both meta- and
para-positions of the vicinal dihydroxyl systemspdfenolics. This activity was discovered
and proven by the analysis of the methylation pect&lof an artificial substrate, 3,4,5-
Trihydroxycinnamic acid. A comparable specificitpshbeen described for the prokaryotic
SafC gene product fromM. xanthus when tested with caffeic acid, although the natura
substrate for the latter enzyme appears to be Yydddxyphenylalanine, a biosynthetic
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precursor of the isoquinoline alkaloid saframycitelson et al., 2007). SynOMT, despite
rather low amino acid sequence identity sharesga btructural similarity to other cation
dependent OMTs. This OMT, as are the other planT®M a functional dimer. Similarly to
PFOMT and CCoAOMT the active site of one monomeesdaot communicate with any
residues belonging to the other. The catalytic nmesly works in the same way as described
for rOMT and plant enzymes. The amino acid sequatigament (Figure 38) of OMTs from
different organisms indicates that the ion bindargl the catalytically relevant residues are

very conserved.

10 |20
M.crystallinum_ PFOMT MDFAVMKQVI'(NTG EERC| 24
M.sativa_ CCoAOMT MATNEDQKQTESGRHQEVGHKS .D Y. 33
Synechocystis_OMT MGKGITGFDPSLYSYL 16
Leptospirans_OMT MSRKNISLTESLEEYI 16
Mxantus_SafC MIHHVELTQSVLQYI 15
COMTD1 MTQPVPRLSVPAALALGSAALGAAFATGLFLGRRCPPWRGRREQCLLPPEDSRLWQYL 58
R.norvegicus_ROMT MGDTKEQRILRYVQQ 15
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Figure 38. Structure based amino acid sequence alignment &t Mependent OMTs from
different organisms. The residues marked in vi@et the same for CoA specific and
promiscuous plant OMT, in addition those markedhtliglue are corresponding ones from
other organisms. The residues marked in red arseceed among all of the organisms. The
residues common to the majority of proteins but tlwt same in both PFOMT and
CCoAOMT are marked in green. The catalytic lysiesidue is marked in yellow. The
residues identified to bind the ion are marked With In case of the structure of COMTD1
where ion is not present the residues corresportditige ones involved in binding of the ion
are colored orange
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This fact is not surprising since binding of thetima is essential requirement for the
enzymatic activity. The only exception here is sieguence of Catech@-methyltransferase
Domain Containing 1 (COMTD1), a recently releasédicture of a putative OMT from
human, (PDB code 2avd). For this protein the reesdesponsible for cation binding are not
conserved. Instead a side chain of an argininduesbccupies the same place as the cation in
cation dependent OMTs would. Unfortunately neitthex catalytic activities nor thie vivo
substrate for this enzyme are not known. The preany tests of this protein with the
flavonoids and phenylpropanoids commonly accepseslilastrates by plant enzymes failed to
show any enzymatic activity. Due to the presencthefreaction products in the active site
the structure of SynOMT provides a rare opportunidydraw conclusions to enzyme -
substrate interactions. While it was impossiblasdak or co-crystallize the substrate into the
structure of PFOMT, co-crystallization of SynOMT tlwicaffeic acid was successful. The
electron density reveals caffeic acid monomethgtaproducts (frerulic acid and isoferulic
acid) bound in the active site of the enzyme. Tolservation confirms the previous
experiments carried out with 3,4,5-Trihydroxycinnarmacid. Two distinct binding modes for
ferulic acid and isoferulic acids, were found. Wd&ees the positioning of the aromatic ring
oxygen atoms of isoferulic acid suggest a substileteinteraction with the active site
magnesium ion and the AdoMet cofactor, ferulic adichds with only one oxygen
approaching the metal ion.

The precise structural features of the SynOMT twattribute to this unexpected positional
methylation specificity are not clear. One posgipils provided by the presence of side
chains of His174 and Lys176 in the neighborhoothefpropenoic acid moiety, equivalent to
Asn and Ser in the plant CCOAOMTS, respectively.

The proximity of the N-terminal lysine, Lys3, inglimmediate vicinity of the active site and
formation of molecular contacts to one of the swbsfproduct hydroxyl groups implicates
that it is involved in the catalytic mechanism. Tg@nt mutation experiments show almost
complete abolition of enzymatic activity upon midgatto alanine, which suggests a more
fundamental role than determining position speitific The importance of N-terminal
residues in position specificity in the plant enegnhas already been demonstrated for
PFOMT. Unfortunately the individual contribution Bfterminal lysine residues in the plant
enzymes cannot be evaluated in detail due to tkedastructural data. Structure based amino

acid sequence alignments of the dimeric metal-ddg@nOMTs reveal the presence of lysine
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and histidine residues in the N-terminal regionsath of these enzymes, suggesting that
minor differences in position specificity could idsthere (Figure 38).

Flavonoids containing paramethylated B-rings arantb throughout the plant kingdom.
Methylation in para position in plants is sometimes performed by catindependent
enzymes with strict structural requirements. Foanegle, a flavonoid-specific OMT from
Catharanthus roseus methylates the 4’-position only when the neighbgr8’-methoxy group
of the flavonoid B-ring is present, as in case lé tisorhamnetin or homoeriodictyol
(Schroder et al., 2004)

A similar cation-independent OMT, cloned from ri@ed functionally expressed B cali,
performs sequential methylation of three B-ring doyyl groups of the flavone tricetin in
vitro, including thepara-position (Zhou et al., 2006).

Another example here may be a cation-independearyines fromCoptis japonica. This OMT
was found to methylate the 4’ hydroxyl group 8f-8'-Hydroxy-N-methylcoclaurine to form
(9-Reticuline, which is an important intermediate sgnthesizing isoquinoline alkaloids
(Morishige et al., 2000). For the cation indeperndarzymes a vicinal dihydroxyl system is
not always required. A flavone OMT (SOMT-2) fromybean Glycine max) converts
naringenin into ponciretin (Kim et al., 2005). Theeferred substrate, naringenin, has only
one hydroxyl group attached to the phenolic ringatyo

When compared to plant enzymes the hydroxyl groupara position is an initial target of
the prokaryotic enzyme, at least in the case ofptmenylpropanoid esters, followed by the
subsequent attack of either the 3'-OH or 5-OH groMVith trihydroxylated flavonoids,
tricetin and myricetin, these subsequent methytatgactions are missing and only a single
product is observed with SynOMT.

As mentioned previously tha vivo substrate of SynOMT remains unknown. The substrate
that were tested with SynOMT do not provide anyinfation as to the function of this
enzyme in cyanobacteria. The conserved presencat déast one gene locus in most
prokaryotes points to an important vivo function for these organisms including
Synechocystis.

SynOMT was shown to have the amino acid sequencelasities to the previously
mentioned SafC gene product from. xanthus. Another similar sequence that can be
mentioned is the mdmC gene i8 mycarofaciens, proposed to encode the Oi-
methyltransferase for the 16-membered lactone afritpe macrolide antibiotic midecamycin
(Hara et al.,, 1992). Those similarities indicatattithe function of SynOMT may be
implicated in the biosynthesis of complex seconaaeyabolites
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In contrast to the bisquinone structure of saframythe midecamycin molecule gives no
indication of any aromatic vicinal dihydroxyl systetherefore the proposed methylation step
remains questionable. Moreover SynOMT is not pamny recognizable gene cluster as is
the case of S. mycarofaciens and the closest ngighdn not give any hint to its possible
function.

One of the plausible types of substances presebtui@ algae are macrolides or aromatic
precursorors of a quinoid metabolitetd&stoc sp synthesizes crytophycins (Figure 39), an
antimiotic agents (Eggen et al., 2002). A role irthylation of a macrolide of similar
structure is a possible explanation of the roléSghOMT. A detailed metabolite profiling

analysis would be required to address the quesfitime in vivo function of this OMT

0 HNo . Cl
i LT
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Figure 39. The scaffold of Cryptophycin-1. The probable medligin site is circled in red. It
is plausible the Cl atom may replace one of thght®ring hydroxyl groups, thus mimicking
the vicinal dihydroxyl system required for methiydatto take place.

6.3. Summary and outlook

This work elucidates the basis for the substrate mositional specificity in Mg dependent
OMTs. Members of both groups, promiscuous and satiesspecific enzymes were the object
of the study. The availability of the structuratalanabled a design of hybrid proteins through
the exchange of N-terminal residues and of a loagion representing an insertion with
respect to the mammalian rOMT. Determination ofekim parameters of those artificial
proteins allowed the determination of the partsh& proteins that are responsible for the
determination of substrate specificity. The resgltloop hybrids exhibited greater catalytic
efficiency toward CCoA, while the N-terminal hylsigpossessed lower affinity for non-
flavonoid substrates. This indicates that combametti of two variable domains of two,
structurally very similar structures can afford abenzymes with distinct kinetic properties.
Because of the lack of the structural data forhjerid proteins it is impossible to explain
exactly how the mentioned regions influence thessabe specificity. The observed
differences in the substrate specificity can beoanted for by unpredictable changes in the

scaffold conformation, changes in protein stahiligd/or changes in the dynamic behavior of
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the hybrid enzymes. A similar situation was obséré@er variants of trypsin designed to
behave like the closely related serine proteinasedf Xa (Rauh et al., 2004; Reyda et al.,
2003). In order to fully address the question comiog the substrate specificity of plant Kig
dependent OMTs additional studies are required.

Studies concerning the catalytic behavior of enz/mey prove to be very valuable. A
careful understanding of mechanisms governing thlstsate specificity may provide
information that can be useful in the design oifiardl enzymes that would be capable of
catalysis of chemical reactions not found in natuseich enzymes could be used as
recombinant protein preparations in industry oradticed into living organisms offering a
possibility of engineering of metabolic pathwaysrdroduction of new ones.

Enzyme engineering can provide industry with imgawenzymes that are more stable or
have higher catalytic efficiency. Carbohydrate rpafation is an important topic for industry
(Hancock et al., 2006). In nature, catabolism adiifrcation of carbohydrates is carried out
by two groups of enzymes: glycosyltransferasesgiyxbsidasesln vitro those enzymes are
a very valuable tool that allows for manipulatidrtize structures of carbohydrates. Due to a
large diversity in the structures of carbohydrdkese are still glycosidic linkages for which a
catalyst with the requisite specificity is not knawl' he means of accomplishing the task of
production of an enzyme with an altered specifi@gtaccomplished either by rational design
or by directed evolution approaches combined wifiiciive screening methods.

An elegant example of introduction of a biosynthgiathway into a living organism is the
story of “Golden Rice” (Al Babili et al., 2005). lan effort to battle the vitamin A deficiency
in developing countries a new transgenic rice waneas produced that accumulates fhe
carotene in the endosperm. The name Golden Ricexd&mm how the rice gains look like.
Unlike wild type varieties, this one due to accuatigin of 3-carotene has yellow grains. An
entire biosynthesis pathway ffcarotene was introduced in order to obtain thamdgenic
plant.

Cloning and functional expression of other membafrdhe prokaryotic CCoAOMT-like
proteins may hold further surprises as far as satesénd position specificities toward natural
compounds. Those enzymes might be used as speaifamic catalysts in yet difficult to
achieve chemical modifications. Expression of erngynargetingara-hydroxy groups in the
appropriate gymnosperm or angiosperm background atiaw for the production of novel
types of lignin with altered properties such as ngfes in the degree or mode of

polymerization that might effect digestibility byminants.
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The discovery and solution of the structure of dgalaMg® dependent OMT gives an
opportunity to study the properties of this claBsmymes coming from organisms other than
plants. The characterization of the reaction prétglasbowed a surprising positional specificity
of methylation. While plant OMTs show exclusive mgation in positionmeta of the phenyl
ring, the algal OMT is not restricted to this pasitand is capable of methylation in both
meta and para positions. Like in the case of substrate speafd promiscuous OMTs the
overall structure and the catalytic mechanism agdi by the SynOMT is conserved. The
subtle differences in the active site of this piroteay be responsible for this novel positional
specificity. Unfortunately then vivo substrate methylated by this enzyme in algae msnai
unknown. The essential function of the sIr0095 gpragluct might be further resolved by
knock-out mutations and homologous recombinati@eding of labeled precursors, and
molecular docking studies.
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Figure 40.Bootstrapped cladogram of selected CCoAOMTs and ATIMT-like proteins
from pro- and eukaryotes (Kopycki et al., 2008bheTheighbor joining tree was based on
1000 bootstrap trials. Notice that all bootstrafuga below 500 do not allow phylogenetic
relationships to be clearly defined. The clustesigfplant proteins marked as CCoAOMTSs is
specific for CoA methylation in lignin monomer byoghesis. Gene products of Arabidopsis
CCoAOMTs are listed based on the corresponding giadifiers. Crystallized proteins are
underlined. The mammalian catechol OMT from rat wsed as an outgroup. NCBI data base
accession numbers used are: BAA1058yhéchocystisPCC6803 sir 0095); NP_710596 (
Interrogans); Q00719 & mycarofaciens); BAB76778 (Nostoc sp. PCC 7120); ZP_00108749
(Nostoc punctiforme2);ZP_0011167ANdstoc punctiformel); AAM33748 Qictyostelium
discoideum); AAC44130 M. xanthus);AAB61680 (ellaria longipes); AAN61972 (M.
crystallinum PFOMT); AAM64800 Arabidopsis thaliana At4dg 26220A0OMT1); AJ242980
(Zea mays CCoOAOMT); AADO02050 Pinus taeda CCoOAOMT); CAA12198 Populus
trichocarpa CCoAOMT); AAT40111 Ammi majus CCoAOMT), Q40313 NI. sativa
CCoAOMT); AY057554 A. thaliana At1g34050), P22734 (rat catechol OMT).
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The completion of several genome projects, shows plants contain several members of
apparently redundant, but conserved CCoAOMT-likeege The phylogenetic tree (Figure
40) shows the close clustering (high sequenceitge8@-90% among different species) of the
specific CCoOAOMTSs. A significant, but less stringjedentity (~ 40-60 %) can be observed
for the promiscuous plant enzymes. Plants seenomtaim closely related but nevertheless
distinct proteins with overlapping substrate speitiés. The results presented here suggest
that other members of this class may serve funstidistinct to methylation of the single
lignin precursor, CCoA. The sequences of prokacycdition dependent OMTs are not highly
clustered. Despite rather low sequence identity pobkaryotic enzymes their three
dimensional structures are remarkably similar te another as well as to plant OMTs. So far
it was not possible to say why such situation tgiase and in which way those groups of
enzymes evolved, or what the common ancestor is. Work presented here points to the
regions of proteins that are likely to have beegdss for the process of evolution. It would
not be unlikely that the different substrate speitiés evolved by introduction of mutations
in those regions while the rest of the protein nevee relatively unchanged or the introduced

mutations did not affect the overall structure.
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