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Abstrakt

Rostlinné aminoaldehyddehydrogenasy (AMADH) katalyzuji
oxidaci w-aminoaldehyd na aminokyseliny s redukci koenzymu
NAD". V ramci aldehyddehydrogenas (ALDH) se fadi do rodiny
ALDH10 spolu s bakteridlnimi avS8ak mimo Zivocisné AMADH,
které tvofi rodinu ALDH9. Diky Siroké substratové specifi¢nosti
se rostlinné AMADH podili na radé metabolickych drah, kam
patfi degradace polyamin(, tvorba osmoprotektantd, popfr.
syntéza karnitinu zlysinu. Jde o homodimerni i
homotetramerni proteiny s aktivnim mistem tvorenym Cys, Asn
a Glu. NejobvyklejsSim substratem je 3-aminopropanal (APAL),
ovsem oxiduji i dalsi ptirozené aminoaldehydy: 4-aminobutanal
(ABAL), 4-(trimethylamino)butanal, 4-guanidinobutanal, 4-(3-
aminopropylamino)-butanal ¢i betainaldehyd.

V disertacni praci byla studovana substratova specifi¢nost
isoenzym( z hrachu (PsAMADH1 a 2) a rajcete (SIAMADH1 a 2).
substratovou specificnost SIAMADH1. Pyridinkarbaldehydy jsou
slabsimi  substraty nez pyridinylpropanaly. Oxidace
halogenderivatdl  4-pyridinkarbaldehydu a  benzaldehydu
probihd pouze tam, kde se substituce nenachazi ve vicindlni
poloze vzhledem k aldehydové skupiné. w-
(Pyridinylmethylamino)butanaly jsou vyrazné lepsimi substraty
nez w-(pyridinylmethylamino)propanaly.

Acylaminoaldehydy jsou substraty obou PSAMADH, pficemz
derivaty APALu jsou lepsi nez ptislusné derivaty ABALu.

Aldehydy vyskytujici se v lihovindch se predpokladaly jako
substraty SIAMADH1. Enzym byl imobilizovan na nanocastice
z maghemitu. Takto upravené nanocastice byly vloZeny do
mikroelektrochemické cely s elektrodami z platiny, Ag/AgCl a
uhlikové pasty s obsahem maghemitovych nanocastic, kde byly
fixovany pomoci externiho magnetu. Po pridavku vzorku
lihoviny do elektrochemické cely a reakci byla mérena
koncentrace vzniklého NADH linedrni voltametrii. Biosenzor Ize
pouzit ke stanoveni obsahu aldehydd v lihovinach, ale nelze
s jeho pomoci urcit presné zastoupeni jednotlivych aldehydd.
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Abstract

Plant aminoaldehyde dehydrogenases (AMADH) catalyze the
oxidation of w-aminoaldehydes to amino acids using NAD" as a
coenzyme. Within the aldehyde dehydrogenase (ALDH)
superfamily, they belong to the ALDH10 family together with
bacterial AMADHs but separately from mammalian enzymes
forming the ALDH9 family. Their substrate specificity is very broad.
AMADH participate in many metabolic pathways such as
polyamine degradation, production of osmoprotectants or
synthesis of carnitine. Plant AMADHs are homodimeric or
homotetrameric proteins. The active site is formed by Cys, Asn and
Glu. The most common natural substrate is 3-aminopropanal
(APAL) but other natural aminoaldehydes are accepted as as well.

This thesis has been devoted to the substrate specificity of
AMADH isoenzymes from pea (PSAMADH1 and 2) and tomato
(SIAMADH1 and 2).

SIAMADH1 has the broadest specificity towards heterocyclic
aldehydes. Pyridine carbaldehydes are weaker substrates than
pyridinyl propanals. Only halogenderivates of 4-
pyridinylcarbaldehyde or benzaldehyde, which do not contain the
substitution at the vicinal position to the aldehyde group, are
oxidized. w-(Pyridinylmethylamino)butanals are better substrates
than w-(pyridinylmethylamino)propanals. N-acyl-w-
aminoaldehydes are subtrates of both PSAMADHSs. APAL derivates
are better substrates than the respective ABAL derivates.

Aldehydes occuring in spirits were expected as substrates of
SIAMADH1. In order to construct a biosensor, SIAMADH1 was
immobilized on maghemite nanoparticles. Immobilized enzyme
was placed into a microelectrochemical cell and fixed by an
external magnet. The cell contained three electrodes produced
from platinum, Ag/AgCl or carbon paste containing maghemite
nanoparticles. After adding a sample of spirit and reaction, the
concentration of NADH was meassured by linear sweep
voltametry. The biosensor is usable to determaine the total
concentration of aldehydes in spirits, but i tis not able to provide
an information on the quantity of any single adehyde.
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Cile prace
1. Studium substratové specifiCnosti rostlinnych aminoaldehyddehydrogenas vzhledem

k heterocyklickym aldehydim obsahujicim dusik.

2. Studium substratové specificnosti rostlinnych aminoaldehyddehydrogenas vzhledem k N-
acylovanym w-aminoaldehydiim odvozenym od pfirozenych substrat( 3-aminopropanalu a

4-aminobutanalu.

3. Imobilizace aminoaldehydehydrogenasy za ucelem jejiho potencidlniho vyuzZiti k detekci

aldehyd( v napojich.



UVODNI CAST PRACE

1 Aminoaldehyddehydrogeasy a jejich metabolicky vyznam

Aldehydy jsou vysoce reaktivni a toxické slouceniny (Li et al., 2003, Smiesko & Benfenati,
2004), které jsou v organismech detoxifikovany oxidaci na pfislusné karboxylové kyseliny za
katalyzy aldehyddehydrogenasami (ALDH), aldehydoxidasami ¢i xantinoxidasami (Bernheim,
1928, Booth, 1938, Racker, 1949, Panoutsopoulos et al., 2004). ALDH vyuzZivaji pfi oxidaci
aldehyd( jakoZto akceptoru elektroni koenzym NAD" ¢ NADP'. ALDH vytvaFi velmi Sirokou
skupinu enzymd, jez Ize priblizné rozdélit do dvou ¢asti, pro néz lze pouZit oznaceni ,skupina
1/2" a ,skupina 3.” Prvni skupina pokryva predevsim nespecifické cytosolarni (rodina ALDH1) a
mitochondrialni (rodina ALDH2) enzymy klasifikované jako EC 1.2.1.3. Druha skupina je tvorena
fadou enzym( svyraznéjsi substratovou specificnosti, mezi néZz patii napriklad
benzaldehyddehydrogenasa vyuZivajici koenzym NADP* (EC 1.2.1.7) & NAD" (EC 1.2.1.28),
betainaldehyddehydrogenasa (BADH, EC 1.2.1.8), nefosforylujici glyceraldehyd-3-fosfat
dehydrogenasa (EC 1.2.1.9), sukcinatsemialdehyd dehydrogenasa (EC 1.2.1.16),
aminoaldehyddehydrogenasa (AMADH, EC 1.2.1.19) ¢i antikvitin (EC 1.2.1.31). V soucasnosti se
ALDH déli do 24 rodin, z nichz tfinact obsahuje i rostlinné enzymy (Sophos & Vasiliou, 2003,
Brocker et al., 2013). Zastupci jedné rodiny vykazuji sekvencni shodu minimdalné 40 %, pfi
shodé presahujici 60 % pak Ize hovofit o podrodiné (Vasiliou et al., 1999).

AMADH zaujimaji v ramci ALDH dvé rodiny. Rybi ¢i savéi AMADH jsou fazeny mezi ALDH9,
zatimco AMADH rostlin, hub, kvasinek ¢i bakterii jsou pro svou nizkou podobnost s ZivociSnymi
enzymy zatrazeny do samostatné rodiny ALDH10 (Sophos & Vasiliou, 2003, Brocker et al., 2013,
Mufoz-Clares et al., 2014). Rostlinné AMADH, které jsou predmétem této prace, vykazuji
Sirokou substratovou specifi¢nost (Tab. 1) a podili se na fadé metabolickych drah, napfriklad
degradaci polyamin0, cholinu ¢i aminokyselin Arg, Lys a Met, biosyntéze osmoprotektantl
glycin betainu ¢i kyseliny 3-(dimethylsulfonio)propionové nebo tvorbé karnitinu z lysinu (Pan et
al., 1981, Vojtéchova et al., 1997, Tylichova et al., 2007, Rippa et al., 2012). To je rovnéz
pficinou, pro niz byly tyto enzymy oznaCovany rovnéZz jako BADH, 4-
aminobutyraldehyddehydrogenasy (EC 1.2.1.19), guanidinobutyraldehyddehydrogenasy (EC
1.2.1.54) ¢&i trimethylaminobutyraldehyddehydrogenasy (EC 1.2.1.47) (napt. Pan et al., 1981,
Matsuda & Suzuki, 1984, Hibino et al., 2001, Livingstone et al., 2003 a mnoho dalsich).



Tab. 1: Oxidace nékterych prirozenych substratl vybranymi zastupci rostlinnych ALDH10
(AMADH i BADH). Hodnoty K., jsou uvedeny v pumol-?, hodnoty k.. pak vs™. Literatura:
[1] Livingstone et al., 2002, [2] Livingstone et al., 2003, [3] Tylichova et al., 2010, [4] Kopecny et
al., 2013, [5] Mitsua et al., 2001, [6] Diaz-Sanchez et al., 2012.

Zdroj APAL ABAL GBAL Tri-Met-ABAL BAL
Enzym Kn  keat Kn Kt Kn Kkeat K Keat Kn Keat
Oves (Avena Sativa)

AsAMADH 1,5 0,92 2,2 0,12 13 1 --- --- --- ---
AsBADH 0,54 4,3 24 2,5 50 1,4 -- -- 5 1,2

Hrach (Pisum sativum) !

PsAMADH1 75 3,2 170 2,8 11 4,9 10 4,9 --- -
PSsAMADH2 10 10,6 29 3,2 7 7,8 21 7,8 --- -
Rajée (Solanum lycopersicum syn. Lycopersicon esculentum) !

SIAMADH1 41 6 278 5,2 85 4,5 17 3,6 2051 1
SIAMADH2 9 8,2 54 25 22 39 141 2

Kukufice (Zea mays)™

ZmAMADH1a 9 11,8 28 1,2 3 1,5 6 51 14 0,6
ZmAMADH1b 11 111 26 1,7 5 1,7 10 5,7 29 0,07
ZmAMADH?2 98 10,3 59 1,3 11 5 16 10,8 --- ---

Ryze (Oryza sativa) ™

OsBADH1 17 11,2 4,5 7,6 --- -- 7,8 36,3 2600 2,4
OsBADH2 12 18,2 3,7 4 - --- 41 12,2 230 1,3
Spenat (Spinacia oleracea) ™

SoBADH 26 0,7 55 0,6 --- --- 3,6 1,1 69 5

1.1 Vyznam aminoaldehyddehydrogenasy v metabolismu

Reakce katalyzovana AMADH je soucasti nékolika metabolickych drah (Obr. 1). APAL a ABAL
jsou produkty oxidace polyamin( (Tiburcio et al., 1997, Seiler, 2004). Pfi preméné aminokyselin
Arg, Lys a Met vznikaji dalsi substraty AMADH: 4-guanidinobutanal (GBAL), 4-
(trimethylamino)butanal  (triMet-ABAL) a 3-(dimethylsulfonio)propanal (diMet-S-PAL)
(Vanderbilt et al., 1975, James et al., 1995b, Vaz & Wanders, 2002). Z cholinu pak vznika BAL
(Broquisse et al., 1989, Park et al., 2009). Karboxylové kyseliny vzniklé pti oxidaci zminénych
substratd mohou byt dale katabolizovany a zaclenény do obecnych metabolickych drah di

vyuzity k biosyntéze metabolicky vyznamnych molekul, mezi néz lze pfirfadit osmoprotektant -



alaninbetain ¢i karnitin vyuZivany k

transportu mastnych kyselin v mitochondriich (Hulse &

Henderson, 1980, Hanson et al., 1994a). Metabolicky vyznam vsak nelze upfit ani kyselinam

vzniklym pri reakci katalyzované AMADH. Pfikladem muZe byt kyselina y-aminomdselna

(kyselina 4-aminobutanova,

neurotransmitér, signdlni molekula u

GABA),

kterd zastdvd mnoho funkci. PUsobi napf. jako

rostlin ¢i se podili v odpovédi na bioticky i abioticky stres

(Shelp et al., 1999, 2012, Bouché & Fromm, 2004, Bown et al., 2006).
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Obr. 1: Oxidace vybranych pfirozenych substratl rostlinnych AMADH a metabolicky vyznam

oxidace jednotlivych aldehyd.

1.1.1 Degradace polyamini

Polyaminy jsou vsudypfitomné kladné nabité bazické slouceniny, které v organismech

vykonavaji mnoho vyznamnych funkci (Takeda et al.,, 1983, Boucherau et al., 1999). Jejich

hlavnimi zastupci jsou putrescin

(PUT, butan-1,4-diamin), spermidin (SPD, N-(3'-

aminopropyl)butan-1,4-diamin), spermin (SPM, N,N’bis-(3‘-aminopropyl)butan-1,4-diamin),



agmatin (AGM, 1-(4‘-aminobutyl)guanidin). Polyaminy se uplatriuji pfi rdznych funkcich
spojenych s rlstem véetné syntézy makromolekul ¢i posttranslaéni modifikace translaéniho
faktoru elF-5A (Pegg et al., 1982, Park et al., 1993, Kusano et al., 2008). Rovnéz funguji jako
obranné molekuly pfi osmotickém stresu, zasoleni, nedostatku mineral(, teplotnim stresu,
podchlazeni ¢i hypoxii (Bors et al., 1989, Erdei et al., 1996, Boucherau et al., 1999, Kusano et
al., 2008, Gupta et al., 2013, Kotakis et al., 2014). V boji s vysokou koncentraci soli se u rostlin
uplatniuje predevsSim SPM, vyznam ostatnich polyamin( je vyrazné nizsi (Yamaguchi et al.,
2006). Kromé volné formy se polyaminy vyskytuji i v konjugatech s proteiny, fosfolipidy i
nukleovymi kyselinami (Leroy et al., 1997, Boucherau et al., 1999, Gaboriau et al., 2002,
Tassoni et al.,, 2002, van Dam et al.,, 2002). Vyznamné jsou rovnéz konjugaty polyamint
s nizkomolekuldrnimi latkami, napf. s amidem kyseliny hydroxyskoficové (Bors et al., 1989,
Bagni & Tassoni, 2001). Polyaminy se vyskytuji témér ve vSech organismech, vyjimku tvofi
napfiklad dva fady archebakterii, kontrétné Methanobakteriales a Halobacteriales (Hamana
&Matsuzaki, 1992).

PUT wvznikd u rostlin zArg ve dvou krocich pres ornithin (arginasa — EC3.5.3.1 a
ornithindekyrboxylasa — EC 4.1.1.17) nebo ve ttech krocich pfes AGM a N-karbamoylputrescin
(arginindekarboxylasa — EC4.1.1.19, agmatin iminohydrolasa - EC3.5.3.12 a N-
karbamoylputrescinamidohydrolasa — EC 3.5.1.53) (Obr. 2). Naproti tomu u Zivocichl, hub i
bakterii je vyuZivdna jen jedna ztéchto drah vzniku PUT. Zatimco ZivoCichové a houby
syntetizuji PUT pres ornitin, bakterie naopak jen pres AGM (Borrell et al., 1995, Tiburcio et al.,
1997, Bagni & Tassoni, 2001). Polyaminy SPD a SPM vznikaji postupnym pfipojenim 3-
aminopropylové skupiny na PUT (¢i SPD) za katalyzy spermidinsythasou (EC 2.5.1.16) a dale
sperminsythasou (EC 2.5.1.22) (Tabor et al., 1958, Sindhu & Cohen, 1984, Tiburcio et al., 1997,
Panicot et al., 2002) (Obr. 2). Kadaverin (CAD, pentan-1,5-diamin) je naproti tomu predevsim
katabolitem  aminokyseliny Lys, znéhoz wvznikd dekarboxylaci katalyzovanou
lysindekarboxylasou (EC 4.1.1.18), a prekurzorem chinolinovych alkaloidd a samotny nema
vyznamnéjsi funkci (Wink & Hartmann, 1982, Bouchereau et al., 1999, Bunsupa et al., 2012).
Polyaminy AGM, CAD, PUT, SPD a SPM jsou oxidovany za vzniku aminoaldehydu
diaminoxidasami (DAO, EC 1.4.3.22) a polyaminoxidasami (PAO, EC 1.5.3.13) (Tabor et al.,,
1964, Boucherau et al., 1999, Sebela et al., 2001b).

Rostlinné DAO byly dfive pro svou vysokou strukturni podobnost nejen v obsahu kofaktoru
a médnatych iontl povaZovany spolecné s primani aminoxidasami (EC 1.4.3.21) za jeden
enzym nazyvany aminoxidasa (plvodné EC 1.4.3.6, kategorie se dnes nepouziva) (Frébort &

Adachi, 1995, Meda et al, 1995, http://www.brenda-enzymes.org duben 2014,

http://enzyme.expasy.org duben 2014). DAO nejlépe pfemériuji PUT a jeho analog CAD, ktery
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je vmnoha pfipadech (napfiklad u DAO z hrachu) lepSim substratem nez PUT. S ddle rostouci
délkou fetézce jiz rychlost oxidace klesda. Tyto enzymy katalyzuji oxidaci primarni aminoskupiny
za vzniku odpovidajicitho aminoaldehydu. Z PUT tak vznikd ABAL a z CAD pak 5-
aminovaleraldehyd (AVAL, 5-aminopentanal). Vedlejsimi produkty reakce jsou peroxid vodiku a
amoniak (Kenten & Mann, 1952, Chaudghuri & Ghosh, 1984, Meda et al., 1995, Pietrangeli et
al.,, 2007). Oxidace propan-1,3-diaminu (DAP, 1,3-diaminopropan) je ponékud sloZitéjsi.
Nékteré DAO, mezi néZ patfi DAO z tabaku (Nicotiana tabacum), psenice (Triticum aestivum) Ci
blinu ¢erného (Hyoscyamus niger) katalyzuji oxidaci DAP (Hashimoto, 1990, Suzuki, 1996,
Hetim et al., 2007), ale mnohé dalsi, mezi néz nalezi DAO z hrachu (Pisum sativum) ¢i ¢ocky
(Lens esculenta), DAP na APAL preménuji jen zanedbatelné ¢i se jedna o sebevraZedny
substrat. Napriklad hrachova DAO ztraci po jedné hodiné inkubace s DAP 95 % své aktivity,
zatimco kontrolni vzorek si zachoval 98 % aktivity (Floris et al., 1983, Awal & Hirasawa, 1995).
DAO rostlin fazenych do celedi bobovité (Fabaceae, téZz motylokvété, Papilinoaceae) rovnéz
efektivné oxiduji SPD, SPM ¢i AGM (Matsuda & Suzuki, 1981, Medda et al., 1995, Ascenzi et al.,
2002). DAO jsou zpravidla homodimerni metaloproteiny s médnatym iontem a nekovalentné
vazanym kofaktorem TOPA-chinon (2,4,5-trihydrofenylalanichinon) v aktivnim misté kazdé
podjednotky. Jejich pH optimum se pohybuje v okoli neutralni hodnoty 7,0 (Frébort & Adachi,
1995, Tiburcio et al., 1997, Cona et al., 2006).

Jiz z klasifikace enzymu (EC 1.5.3.14) je patrné, Ze PAO v kontrastu s DAO katalyzuji oxidaci
sekundarnich aminoskupin. Rostlinné a Zivocisné PAO se zde lisi svou specifi¢nosti ucinku.
Zivocisné PAO katalyzuji oxidaci uhliku na vnéj$i strané polyaminu & N-acetylpolyaminu za
vzniku APALu a kratsiho polyaminu (SPD ze SPM, PUT ze SPD, acetyl-SPD z acetyl-SPM ¢i acetyl-
Put z acetyl SPD). Naproti tomu v pfipadé rostlinnych PAO dochazi k oxidaci na vnitfni strané
sekundarni aminoskupiny za vzniku DAP a aminoaldehydu odvozeného od kratSiho polyaminu,
a tak oxidaci SPM vznika 4-[(3‘-aminopropyl)amino]butanal (AP-ABAL) a oxidace SPD vede ke
tvorbé& ABALu. Tretim produktem je u viech PAO peroxid vodiku (Federico et al., 1996, Sebela
et al., 2001b, Vujcic et al., 2002, Wu et al., 2003). Tento rozdil ve specificnosti ucinku i rozdily
v substratové specificnosti vedly v nedavné dobé ke zméné klasifikace PAO, kdy doslo ke
zrueni pGvodni kategorie EC 1.5.3.11, kterd byla nahrazena 5 novymi kategoriemi. N'-
acetylpolyaminoxidasou (EC 1.5.3.13), polyaminoxidasou tvofici DAP (EC 1.3.5.14), N°-
acetylspermidinoxidasou tvofici DAP (EC 1.5.3.15), sperminoxidasou (EC 1.5.3.16) a
nespecifickou polyaminoxidasou (EC 1.5.13.17). Rostlinné PAO tvofi zejména kategorii

EC 1.5.3.14 (http://www.brenda-enzymes.org duben 2014, http://enzyme.expasy.org duben

2014). Narozdil od PUT nemZe byt DAP vznikly pfi reakci rostlinné PAO pfeménén zpét na SPD

¢i SPM. Je vsak prekurzorem jinych méné obvyklych polyamin( jako je napfiklad norspermidin
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¢i norspermin (Hamana et al., 1998). Na druhou stranu byla nedavno publikovdna nova PAO
z Arabidopsis thaliana s oznacenim AtPAQO3, jejiz specificnost uc¢inku odpovida sav¢éim PAO (EC
1.5.3.16) a je schopna takto oxidovat i N'-acetylSPD a N'-acetylSPM (Moschou et al., 2008).
PAO jsou monomerni proteiny, jejichz prostatickou skupinu tvofi FAD. Protein je tvofen dvéma
doménami: doménou s nekovalentni vazbou FAD a doménou, jez interaguje se substratem.
Aktivni misto se pak nachdzi v ohybu tunelu ve tvaru pismene U mezi zminénymi doménami
(Binda et al., 1999, Sebela et al., 2001b). Zatimco aktivita klasickych rostlinnych PAO je spojena
s bunéénou sténou c¢i cytosolem, AtPAO3 byla lokalizovana v peroxisomech (Angelini et al.,
1995, Cona et al., 2005, Moschou et al., 2008).

Aminoaldehydy vzniklé oxidaci polyaminli jsou casto vrovnovaze s odpovidajicimi
dusikatymi heterocykly (Obr. 2). Zatimco APAL pro nutné vazebné pnuti ctyréleny cyklus
nevytvari, ABAL, AVAL, GBAL & AP-ABAL jsou v rovnovaze A'-pyrrolinem, A'-piperideinem, N-
amidino-2-hydroxypyrrolidinem, popf. 1-(3-aminopropyl)pyrroliniem. Posledné zminény cyklus
se pak dale preménuje na 1,5-diazabicyklo[4.3.0lnonan. RovnéZz 6-aminohexanal (ACAL, 6-
aminokapronaldehyd) jakoZto produkt oxidace hexan-1,6-diaminu, syntetického substratu
DAO, cyklizuje za tvorby A'-azacykloheptenu (3,4,5,6-tetrahydro-2H-azepin). Naproti tomu 10-
aminodekanal cyklus nevytvari (Smith et al., 1986, Ascenzi et al., 1995, Tylichova et al., 2007).
Tyto cykly jsou zdkladem pfi syntéze mnoha rostlinnych alkaloid(i (Geisler & Gross, 1990,
Eisenreichova et al, 1992). ProtoZe je pfi pH odpovidajicimu pH optimu DAO rovnovaha
vyrazné posunuta smérem k cyklickym formam zminénych aminoaldehyd(, nebyl casto
detekovan jako produkt aminoaldehyd, ale pfislusny cyklus, a tudiz byla AMADH oznacovana
jako pyrrrolindehydrogenasa (Flores & Filner, 1985). Inhibice oxidace aminoaldehydl
umoznujici vznik zminénych heterocykld muize mit velky hospodarsky vyznam. Prikladem jsou
odrlidy ryZe Basmati ¢i Jasmine (tzv jasminova ryze), kde je aktivita AMADH zanedbateln3, a
tak dochazi ke tvorbé 2-acetyl-1-pyrrolinu odpovédného za aroma téchto odtlid (Buttery et al.,
1983, Bradbury et al., 2008). Podobnym zplsobem vznikd i N-methylpyridinium nikotinu
v tabaku (Lamberts et al., 1960). Tyto aminoaldehydy jsou diky samovolné cyklizaci vyrazné
méné toxické nez APAL, ktery je napfiklad pri¢inou apoptosy a nekrosy neuronll a gliovych
bunék, patrné skrze prasknuti lysozom( (Li et al., 2003, Yu et al., 2004). Jeho oxidace za vzniku
B-alaninu (kyselina 3-aminopropanova) katalyzovand AMADH je typickou detoxifikacni reakci
(Kurys et al., 1989, Wood et al., 2007). B-Alanin je dale pfeménén trifunkéni S-adenosyl-L-
methionin:B-alanin N-methyltransferasou na kompatibilni osmolyt B-alanin betain, jehoz
akumulace je typicka napfiklad pro statici (limonka, Limonium) z celedi olovéncovité

(Plumbaginaceae) (Hanson et al., 1991, Rathinasabapathi et al., 2001).
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ABAL je za katalyzy AMADH oxidovan za vzniku signdlni molekuly GABA (Awal et al., 1997,
Bouché & Fromm, 2004). Ta je dale ve dvou krocich inkorporovana do Krebsova cyklu (Obr. 2).
Nejprve dochazi k jeji preméné na sukcinatsemialdehyd (kyselina 4-oxobutanovd) za katalyzy
GABA-transaminasou (EC 2.6.1.19). Akceptorem aminoskupiny muze byt bud’ pyruvat (kyselina
2-oxopropanova) nebo a-ketoglutarat (kyselina 2-oxopentandiova). Druhym produktem reakce
je aminokyselina Ala ¢&i Glu v zavislosti na akceptoru aminoskupiny. V dalsim kroku je
sukcinatsemialdehyd oxidovan sukcinadtsemialdehyddehydrogenasou (EC 1.2.1.16) za vzniku
kyseliny jantarové (kys. butandiova, sukcinat), jez je komponentou Krebsova cyklu (Narayan &
Nair, 1986, Bush & Fromm, 1999, Shelp et al., 1999, Van Cauwenberghe & Shelp, 1999).
Kyselina 4-guanidinobutanova vznikajici oxidaci GBALu je hydrolytickym odstépenim mocoviny
katalyzovanym guanidinobutyrasou (EC 3.5.3.7) rovnéZ pfeménéna na GABA (Campo et al.,

1992, Arakawa et al., 2003, Tylichova et al., 2007).

1.1.2 Tvorba osmoprotektantt

Zwitterionty obsahuijici kvarterni amin, popft. terciarni sulfonium, a karboxylovou skupinu,
zejména pak glycin betain [kyselina 2-(trimethylamino)octovd], B-alanin betain [kyselina (3-
trimethylamino)propanoval, prolinbetain (stachydrin) ¢i kyselina 3-
(dimethylsulfonio)propionova jsou vysoce efektivnimi rostlinnymi osmoprotektanty. Oznaceni
betain je odvozeno latinského nazvu cukrové repy (Beta vulgaris), kde byl poprvé identifikovan
glycinbetain. Od néj se pak oznaceni betain preneslo i na dalsi karboxylové kyseliny obsahuijici
kvartérni aminoskupinu. Za fyziologického pH nenesou zadny celkovy naboj, navic jsou i pfi
vysokych koncentracich netoxické. Jejich akumulace tak zvySuje osmoticky tlak, aniz by
nepriznivé ovliviiovala bunécéné funkce, a tak pfedstavuje ucinny prostfedek obrany rostlin
proti suchu, vysoké koncentraci soli, mrazu ¢i vysokym teplotam. Rovnéz stabilizuji enzymy a
membrany (Storey & Wyn Jones, 1977, Yancey et al., 1982, Hanson et al.,, 1991, Rhodes &
Hanson, 1993, Hanson et al., 19944, Chen et al., 2000).

Glycinbetain vznika ve dvou krocich z cholinu (Obr. 3). Nejprve vznika BAL, ktery je nasledné
oxidovan AMADH/BADH. Mechanismus oxidace cholinu na BAL odpovida u rostlin reakénimu
mechanismu oxygenasy a nikoliv desaturasy, jak bylo prokdzano znacenim cholinu v listech
deuteriem a kyslikem *¥0 (Lerma et al., 1988). Donorem elektron( pro kyslik je zde redukovany
ferredoxin nikoliv.  NADPH (Brouquisse et al., 1989). Reakce je katalyzovana
cholinmonooxygenasou (CMO, EC 1.14.15.7). Naproti tomu u Zivocich(l a bakterii zajistuje
oxidaci cholinu bud’ membranovy enzym cholindehydrogenasa (EC 1.1.99.1), nebo rozpustna
cholinoxidasa (EC 1.1.3.17) (Tani et al., 1979, Yamada et al., 1979). Stejné jako cely proces

biosyntézy glycinbetainu u rostlin je CMO lokalizovdna v chloroplastech, u C4 rostlin pak
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v obou typech chloroplastli (Hanson et al., 1985, Weigel et al., 1986, Park et al., 2009). Zatimco
aktivita BADH byla detegovdna ve vSech organech cukrové fepy, pfitomnost CMO byla
zaznamenana predevsim v jiz rozvinutych listech, slabsi pak v hypokotylu a déloZnich listcich.
Naproti tomu v mladych a rozvijejicich se listech a kofenu se pfitomnost CMO detekovat
nepodafilo (Yamada et al., 2009). Vzhledem k osmoprotektivni funkci glycinbetainu neni
prekvapenim, Ze jak sucho, tak vysoka koncentrace soli indukuje expresi CMO (Russell et al.,
1998).

CMO je oligomerni protein sloZzeny zidentickych podjednotek o molekulové hmotnosti
pfiblizné 45 kDa . Jeji roztoky jsou ¢ervenohnédé vzhledem k obsahu komplexu Zeleza a siry.
Jedna se protein Rieskeho typu obsahujici komplex [2Fe-2S] spojeny se dvéma Cys a dvéma
His, jez jsou usporaddny v sekvenci Cys-X-His-(15-17 aminokyselin)-Cys-X-X-His, kde X znadi
libovolnou aminokyselinu (Burnet et al., 1995, Rathinasabapathi et al., 1997). Jak ukazaly
experimenty s mutantnimi enzymy, esencidlnimi aminokyselinami CMO jsou Cys 181 a His 278
v Cislovani odpovidajicim Spendtovému enzymu (Hibino et al., 2002). CMO se vyskytuje jen u
dvou rostlinnych celedi, merlikovitych (Chenopodiaceae) a lipnicovitych (Poaceae). CMO celedi
merlikovitych vykazuji vzajemnou strukturni shodu pfes 70 % a s Celedi lipnicovitych pres 40 %

(Park et al., 2009, www.brenda-enzymes.org, duben 2014). Ostatni rostliny glycinbetain

neakumuluji. Modifikace téchto rostlin genem CMO z cukrové repy ¢i Spenatu a jeho exprese
vede ke zvysSeni jejich odolnosti vici suchu ¢i osmotickému stresu vlivem akumulace glycin
betainu (Hibino et al., 2002, Zhang et al., 2008b).

Kyselina 3-(dimethylsulfonio)propionova vznika z aminokyseliny Met v nékolika krocich pres
S-methylmethionin a 3-(dimethylsulfonio)propanal (Greene, 1962, James et al., 1995b) (Obr.
3). Prvnim krokem je methylace Met za vzniku S-methylmethioninu (Hanson et al., 1994b), jez
je katalyzovana methionin S-methyltrasferasou (MMT, EC 2.1.1.12). Donorem methylu je zde
S-adenosyl-L-methionin, ktery je reakci pfeménén na S-adenosyl-L-homocystein (James et al.,
1995a, Pimenta et al., 1998). Zaroven vsSak vreakci katalyzované homocystein S-
methyltranferasou (EC 2.1.1.10) je S-methylmethionin donorem methylové skupiny ve
prospéch homocysteinu za tvorby dvou molekul Met (Ranocha et al., 2000, Lyi et al., 2007).
Tyto dvé reakce tvofi S-methylmethioninovy cyklus, ktery reguluje pomér mezi Met a S-
adenosylmethioninem a rovnéz umoznuje degradaci Met (Mudd & Datko, 1990). Zatimco
ostatni methyltransferasy véetné homocystein-S-methyltranferasy jsou malymi proteiny s
velikosti molekuly ¢i podjednotky kolem 30 kDa (Edwards & Dixon, 1991, Lyi et al., 2007),
podjednotka obvykle tetramernich MMT dosahuje molekulové hmotnosti pfiblizné 115 kDa

(James et al., 1995a, Pimenta et al., 1998).
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rostlinnymi ALDH10 (AMADH i BADH) jsou oznaceny cervené.

Druhym krokem je tvorba diMet-S-PALu, kterd probihd dvéma rdznymi zplsoby. Prvni

moznosti, ktera je uplatnovand Wollastoria biflora z celedi hvézdicovitych (Astraceae),

je soucasné odstranéni aminoskupiny transaminaci na ketokyselinu za vzniku aminokyseliny a

dekarboxylace za uvolnéni oxidu uhli¢itého (Rhodes et al.,

ze slanych mokiadl

k dekarboxylaci a nasledné deaminaci.
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methylmethionindekarboxylasa, druhy krok pak 3-(dimethylsulfonio)propanaminoxidasa, kterd
vykazuje vysokou strukturni homologii s DAO, jejiz substraty jsou kompetitivnimi inhibitory
tohoto enzymu (Kocsis & Hanson, 2000).

Posledni krok, oxidace diMet-S-PAL je katalyzovan AMADH ¢i BADH (Vojtéchova et al.,,
1997). Zatimco prvni krok probihd v cytosolu, dalsi preména S-methylmethioninu je
katalyzovdna v chloroplastech. Tato lokalizace byla potvrzena jak imunodetekci, tak schopnosti
izolovanych chloroplastli z Wollastoria biflora (Trosat et al., 1996).

Vétsina zastupct celedi olovéncovitych (Plumbaginaceae), jez vykazuje vysokou miru
tolerance vici abiotickému stresu, akumuluje namisto glycinbetainu jeho homolog B-
alaninbetain. Ten vznika trojitou N-methylaci B-alaninu (Hanson et al., 1994a) (Obr. 2, Obr. 3).
Vsechny tfi kroky, methylace p-alaninu, N-methyl-B-alaninu a N,N-dimethyl-B-alaninu
katalyzuje shodny enzym S-adenosyl:B-alanin-N-methyltransferasa, vyuzivajici jako donor
methylové skupiny S-adenosylmethionin. Enzym byl prvné izolovan zlimonky (Limonium
latifolium). Jedna se o dimerni protein s podjednotkou o velikosti 43 kDa a pH optimem 8,0
(Rathinasabapathi et al., 2001). Aminokyselinova sekvence vykazuje zejména na C konci
znacnou homologii vzhledem k nékterym O-methyltransferasam, zejména pak S-
adenosylmethionin:kyselina 3,4-dihodroxyskoticova-O-methyltransferase (EC 2.1.1.68) a
enzym(m ji pfibuznym. Substratova specificnost je Uzce zaméfena na zminéné tfi substraty,
jejich homology s delSim ¢i kratSim fetézcem jsou methylovany jen velmi pomalu. Enzym je
exprimovan prevazné v mladych a zralych listech. Ve starych listech, stonku, kvétu a kofenech

je exprese vyrazné slabsi (Raman & Rathinasabapathi, 2003).

1.1.3 Biosyntéza karnitinu

Karnitin [kyselina 4-(trimethylamino)-3-hydroxybutanovd] je vyznamnou zwitteriontovou
slouceninou s nékolika vyznamnymi funkcemi pro organismus (Vaz & Wanders, 2002, Steiber
et al., 2004). Predné se karnitin Ucastni transportu aktivovanych mastnych kyselin z cytosolu do
matrix mitochondrii, kde probihd B-oxidace, a na transportu produktl cytosolarni B-oxidace do
matrix mitochondrii (Jakobs & Wanders, 1995, Kerner & Hoppel, 2000, Steiber et al., 2004).
Dale se podili na rovnovadze mezi koenzymem A a acetylkoenzymem A, uchovanim energie ve
formé acetylkarnitinu Ci reakci na osmoticky stres (Steiber et al., 2004,Canovas et al., 2007).
Karnitin je pfitomen u Zivocichq, rostlin i mikroorganismi (Panter & Mudd, 1969, Vahouny et
al., 1973, Kleber, 1997, Vaz & Wanders, 2002).

Zatimco u Zivocich(l ¢i hub je biosyntéza karnitinu popsana jiz delsi dobu (Vahouny et al.,
1973, Hulse & Henderson, 1980), u rostlin byla publikovana az v poslednich letech (Rippa et al.,

2012). U savcl je karnitin syntetizovan z N,N,N-trimethyllysinu, jehoZ zdrojem m{Ze byt nejen
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lysin vznikajici pfi degradaci proteind, ale z velké ¢asti i v rostlinné potravé. Prvnim krokem
této drahy je hydroxylace z N,N,N-trimethyllysinu trimethyllysindioxygenasou (EC 1.14.11.8) za
vzniku 3-hydroxy-N,N,N-trimethyllysinu. Ten je dale rozstépen hydroxytrimethyllysinaldolasou
za vzniku triMet-ABAL a glycinu. Oxidaci triMet-ABALu katalyzuje AMADH a vznikla kyselina 4-
(trimethylamino)butanova (butyrobetain) je hydroxylovana y-butyrobetaindioxygenasou (EC

1.14.11.1) (Vaz & Wanders, 2002, Steiber et al., 2004).

O (@)
\\ o \ o
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Obr. 4: Zakladni schéma biosyntézy lysinu. Reakce katalyzovand AMADH je vyznacena Cervené.

Trimethyllysindioxygenasa, jeZ je oznacovana rovnéz jako trimethyllysinhydroxylasa, je svou
aktivitou zavisla na 2-oxoglutaratu a nehemovém Zeleznatém iontu. Jedna se obvykle o
dimerni protein s velikosti podjednotky kolem 45 kDa. Na rozdil od ostatnich enzymi
biosyntézy karnitinu, jez se nachazeji volné v cytosolu, je spojena s mitochondriemi, kam ji
sméfuje prvnich 15 aminokyselin jeji sekvence (Monfregola et al., 2005, Vaz et al., 2001).
Hydroxytrimethyllysinaldolasa je nejméné prozkoumany enzym ztéto drahy. Zatimco u
Zivocich(l byla uvaZovana shoda se serinhydroxymethyltransferasou (EC 2.1.2.1), u kvasinky
Candida albicans vykazuje enzym vysokou homologii s threoninaldolasou se stejnou funkéni
specificnosti (EC 4.1.2.5). Pro aktivitu vSech téchto tfi enzym( je esencidlni pfitomnost
pyridoxalfosfatu (Strijbis et al., 2009, Vaz & Wanders, 2002). y-Butyrobetaindioxygenasa,
posledni enzym této drahy, vykazuje analogii k trimethyllysindioxygenase. RovnéZz v tomto
pfipadé se jedna o enzym zavisly na nehemovém Zeleze a na 2-oxoglutaratu. Tento enzym ma
dimerni strukturu s podjednotkou o molekulové hmotnosti pfiblizné 42 kDA (Lindstedt &
Hordin, 1984, Tars et al., 2010).

Nejen N,N,N-trimethyllysin, ale i meziprodukty jeho premény na karnitin byly detegovany

i v rostlinach. Pfi studiu genomu Arabidopsis thaliana byly nalezeny i geny pro enzymy
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katalyzujici druhy a tteti krok této drahy. Navic ptidavek N,N,N-trimethyllysinu ved| k mirnému

zvySeni produkce karnitinu (Rippa et al., 2012).

1.2 Vlastnosti rostlinnych AMADH

Do dnesni doby byly AMADH purifikovany z mikroorganism{, rostlin i Zivocichd (Callewaert
et al., 1974a,b, Tago et al., 1982, Kurys et al., 1989, Awal et al., 1997, Livingstone et al., 2002,
Tanaka Dager et al.,, 2002). V prvnich publikacich o rostlinnych AMADH byly tyto enzymy
lokalizovany v protoplastech (Sebela et al., 2001a). BADH podilejici se primarné na syntéze
glycinbetainu, se nachazi predevsim v chloroplastech (Weigel et al., 1986). V nasi laboratofi
byly detailné studovany AMADH z hrachu (Pisum sativum), rajéete (Solanum lycopersum syn.
Lycopersicon esculentum) a kukufice (Zea mays) (napf. Tylichova et al., 2008, 2010, Kopecny et
al., 2011, 2013). VétsSina AMADH obsahuje na C-konci tripeptid Ser-Lys-Leu, jenZ je signalem
pro lokalizaci v peroxisomech (PTS-1), Naproti tomu SIAMADH1 tento signal neobsahuje,
sekvence jejiho C-konce je Ser-Lys-Asn, a tak je patrné lokalizovana v cytosolu (Kopecny et al.,

2013).

1.2.1 Reak¢ni mechanismus a katalytické vlastnosti

Pfeména aldehydu na pfislusnou karboxylovou kyselinu za souéasné redukce NAD" na
NADH katalyzovana ALDH je typickym prikladem usporadaného sekvencniho mechanismu
(Obr. 1). Nejprve vstupuje do blizkosti aktivniho mista koenzym NAD®. Poté se aldehydova
skupina vaze ke katalytickému cysteinu za vzniku thiohemiacetalu, jenz je nasledné oxidovan
na thioester. Oba meziprodukty jsou stabilizovany v oxidacnim otvoru tvoreném NH skupinou
hlavniho fetézce Cys294 a postrannim dusikem Asn162. Posléze je thioester hydrolyzovan za
odstépeni pfislusné karboxylové kyseliny a nakonec dochazi k odstépeni redukovaného
koenzymu NADH (Perez-Miller & Hurley, 2003, Wymore et al., 2004, Tylichova et al., 2007).

Rostlinné AMADH se vykazuji velmi Sirokou substratovou specificnosti. NejlepSim
pfirozenym substratem rostlinnych AMADH je obvykle APAL. DalSimi pfirozenymi substraty
jsou analogické w-aminoaldehydy ABAL a AVAL vznikajici oxidaci polyamind, GBAL ¢i triMet-
ABAL. Naproti tomu BAL je jen slabym substratem vétsiny rostlinnych AMADH (Awal et al.,
1997, Sebela et al., 2000, Livingstone et al., 2002, Tylichova et al., 2010). Na druhou stranu
nékteré AMADH preferujici APAL a ABAL katalyzuji i konverzi BAL na betainaldehyd. Prikladem
je kuku¥i¢tnd AMADHla (ZmAMADH1a) shodnotou K, pfiblizné 14 umol-I*. SIAMADH1
katalyzuje oxidaci BAL jen ve vysokych koncentracich (K., = 2050 umol-I™") a v pfipadé ostatnich

.....

specifi¢nost z nich vykazuje SIAMADH1 (Kopecny et al., 2013).
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Obr. 5: Zakladni kroky reakéniho mechanismu AMADH demonstrované na oxidaci ABALu.

Mimo prirozené substraty oxiduji AMADH i Sirokou Skalu dalSich aldehydi, mezi néZ patfi
linearni alifatické aldehydy, GPAL a triMet-APAL - analoga GBALu a triMet-ABALu odvozend od
APALu ¢i dalsi slouceniny odvozené od APALu a ABALu. Slabymi substraty obou PsAMADH jsou
pyridinkarbaldehydy (Sebela et al., 2000, Tylichova et al., 2010), coi bylo impulzem pro
pozdéjsi studium substratové specificnosti AMADH vzhledem k aldehydim obsahujicim
aromatické cykly (Priloha 1). Rovnéz N-acetyl-3-aminopropanal (Ac-APAL) a diMet-S-PAL jsou
dobrymi substraty AMADH z hrachu, rajcete ¢i kukufice. Aktivita vSech enzym(l testovanych
v citované publikaci vzhledem k Ac-APALu o koncentraci 1,0 mmol-I" dosahovala alespon 30 %
aktivity v porovnani s aktivitou v pfipadé APALu. V pfipadé diMet-S-PALu pak enzymy dosahly
relativni aktivity alesponn 10 % za shodnych podminek (Kopecny et al., 2013). Skutecnost, Ze
AMADH oxiduje velmi dobife Ac-APAL vede k otdzce, zda jsou substraty AMADH i N-acetyl-4-
aminobutanal (Ac-ABAL) a dalsi N-acylované derivaty APALu a ABALu. V pripadé jejich oxidace
je zajimavy vliv nejen pfitomnosti, ale i délky a fetézové izomerie acylového retézce zminéného
derivatu (Pfiloha 2).

Mimo substratové specificnosti vzhledem k rozmanité radé aldehyd( jiz byla testovana i
aktivita AMADH pfi substituci koenzymu NAD* koenzymem NADP” &i jejich analogy. Pfirozeny
koenzym nékterych dehydrogenas NADP® je v ptipadé rostlinnych AMADH slabym akceptorem
elektrond, aktivita enzymu pfti jeho poutziti klesa na méné nez pétinu ve srovnani s koenzymem

NAD". P¥i¢inou je kolize 2'-fosfatu s vedlej$im Fetézcem Lys245 v pfipadé PsSAMADH1 ¢&i Glu188
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v pfipadé PsAMADH2. Zatimco v pfipadé BADH z bakterie Pseudomonas auruginosa, jei
vyuzivd jako akceptor elektrond rovnomérné jak NAD® tak NADP®, dochdzi ke zméné
konformace vedlejsiho fetézce Glu188, u PSAMADH2 to neni mozné z dlivodu pfipadné kolize
tohoto fetézce svedlejSimi retézci lle25, 1le39 a Leu217 (Gonzales-Segura et al.,, 2009,
Tylichova et al., 2010). Daleko lep$im koenzymem neZ NADP® je pro rostlinné AMADH 3-
acetylpyridin adenin dinukleotid zachovavajici minimalné tfetinu aktivity vzhledem k NAD?,
zatimco 3-pyridinaldehyd adenin dinukleotid vede k minimalni ¢i nulové aktivité. Naproti tomu
deamino-NAD" (nikotinamid hypoxantin dinukleotid) je spojen s aktivitou srovnatelnou ¢i
dokonce mirné vy3si nez pro fyziologicky koenzym NAD®. Vyjimku zde tvofi ZmAMADH2, kde
pouZiti deaminoNAD" vede k akivité odpovidajici jen 60 % aktivity pro NAD®. Na druhou stranu
u obou PsSAMADH dojde ke zvy3eni aktivity na vice nez 150 % vzhledem k NAD" (Tylichova et
al., 2010, Kopecny et al., 2013).

1.2.2 Struktura AMADH

Dle isoelektrického bodu jsou rostlinné AMADH véetné BADH kyselymi proteiny s hodnotou
pl mezi 4,5 a 6,5 (napF. Sebela et al., 2000, Livingstone et al., 2002, 2003). Obvykle se jednd o
oligomerni proteiny se vzdjemnou strukturni shodou mezi jednotlivymi rostlinnymi taxony
minimalné 70 %. Podjednotky oligomernich AMADH jsou obvykle shodné (Arakawa et al.,
1987, Sebela et al., 2000, Livingstone et al., 2003, Tylichova et al., 2008, 2010, Zhang et al.,
2008a). Vyjimku tvofi napfiklad monomerni AMADH z ovsa (Livingstone et al., 2002) ¢i BADH
z laskavce, jenz byl vystaven suchu. V tomto pfipadé se enzym sestavd ze dvou rozdilnych
polypetidovych fetézcli o molekulovych hmotnostech 63 a 70kDa (Figueroa-Soto &
Valenzuela-Soto, 2001).

Prvnimi rostlinnymi AMADH, u nichz byly publikovdny krystalové struktury, jsou oba
izoenzymy AMADH z hrachu (PsAMADH1 a PsAMADH2). Zatimco asymetricka jednotka krystalu
PSAMADH1 se sestavd ze Sesti dimerl, asymetricka jednotka PSAMADH2 je tvofena jednim
dimerem. Obdobné k ostatnim ALDH lze i zde nalézt tfi domény: katalytickou, koenzymovou a
oligomerizacni doménu (Obr. 6). Posledni ¢ast oligomerizacni domény se vodikovou vazbou
pfipojuje k posledni casti katalytické domény za tvorby dimeru. Tyto dimery se mohou dale
spojit interakci zady k sobé v oblasti naproti mistu, kde dochazi k vazbé koenzymu. Mezi
podjednotkami se nachazi pfiblizné 15 A dlouhy substratovy tunel nélevkovitého tvaru, na
jehoz dné se nachazi aktivni misto tvorené tfemi striktné zachovanymi aminokyselinami
Cys294, Glu260 a Asn162, jez jsou pro aktivitu AMADH esencidlni. Zatimco substrat vstupuje

do aktivniho mista zminénym tunelem, koenzym pfistupuje ke katalytickému cysteinu z opacné
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strany. Kazdd podjednotka ma své aktivni misto zcela nezavislé na dalSim aktivnim misté

dimeru (Tylichova et al., 2010).

rp288 Trp170 /
Cys453

: Cyfs $G|n451
66 GIn451

iy Trp459

Tyrl63
' )
Ser295

Asn162 LA

lu260 Cys294

Glu260

Ser295

Obr. 6: Struktura PSAMADH?2 (Tylichova et al., 2010). A: rekombinantni enzym je homodimerni
(podjednotky oznaceny modrie a Cervené). B: kazda podjednotka sestdva z katalytické domény
(Cervené), koenzymové domény (zelené) a oligomeriza¢ni domény (modre). C: substratovy
kandlek vedouci k aktvinimu mistu. D: trojice konzerovanych residui Cys, Asn a Glu tvoficich

aktivni misto a nejblizsi rezidua substratového kanalku.

Katalyticka doména je jako jedind tvofena pouze jednim ucelenym Usekem
polypeptidového fetézce (v poradi odpovidajicim obéma PsAMADH aminokyseliny 262-452).

Oligomerizacni doména se sklada ze dvou (aminokyseliny 132-151 a 430-503) a koenzymova
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doména ze tfi (aminokyseliny 1-131, 152-261, 453-479) usekd. Ustfedni &ast katalytické i
koenzymové domény je tvorena ¢tyfmi a-helixy a péti fetézci B-listu. Oligomeriza¢ni doménu
pak tvofi dvé dlouha B-vldkna a jedno kratké B-vldkno. Oproti jinym ALDH je C konec
polypetidového fetézce delsi, jelikoZz obsahuje signalni sekvenci typu 1 smérfujici protein
do peroxisom( (Tylichova et al., 2010).

Substratovy kanal je ve své vstupni &asti tvoren v pripadé PsAMADH1 zbytky Alal09,
Asp113, Pro452 a Ser453. Vnitfni ¢ast kandlku pak tvori Asp110, Asnl162, Tyrl63, Leul66,
Met167, Trpl170, Phe284, Phe288, 11e293, Cys294, Ser295, GIn451 a Trp459. Substratovy kanal
PsAMADH?2 se lisi v pouhych tfech residuich: Ala/Trp109, Phe/Trp288 a Ser/Cys453 (Obr. 6).
Tyto rozdily jsou ptic¢inou odliSnosti v substratové specificnosti obou PSAMADH (Tylichova et
al., 2010). Studie mutantdl PsSAMADH2 ukazuje vliv jednotlivych residui substratového kanalu
nejen na aktivitu, ale zejména na substratovou specificnost enzymu. Negativné nabité
aminokyseliny Asp a Glu interaguji s pozitivné nabitou aminoskupinou APALu. Nahrazeni
takové aminokyseliny alaninem (bodovd mutace E106A, D110A, D113A a jejich kombinace)
vede k vyraznému poklesu afinity enzymu ke zminénému substratu a poklesu reakéni rychlosti.
Naproti tomu oxidace alifatickych aldehyd( je touto mutaci postizena daleko méné. V pripadé
aromatickych aminokyselin Trp, Phe a Tyr dochazi k m-elektronové interakci vstupujiciho
substratu s aromatickym cyklem. Zatimco bodovd mutace vysoce konzervovanych
aminokyselin ve vnitini ¢asti substratového kandlu (W170A, popf. Y163A) vede k vyraznému
poklesu rychlosti oxidace APALu, mutace variabilnich aminokyselin pfi vstupni ¢asti kandlku
(W109A ¢i W288A) ma vyrazné mensi vliv na aktivitu enzymu. V tomto pripadé dokonce doslo
k rychlejsi oxidaci triMet-ABALu, GBALu ¢i pyridinkarbaldehyd( (Kopecny et al., 2011) (Obr. 7).

Dvojice po sobé nasledujicich aminokyselin Leul66 a Metl67 nachazejici se uvnitf
substratového kanalu je zachovana u vSech znadmych sekvenci rostlinnych AMADH, zatimco
ZivoCiSné enzymy obsahuji v daném misté par GInl166-1le167. K pochopeni vyznamu byla
vytvofena dalsi verze PsAMADH2 (mutant L166Q + M1671). CD spektroskopie mutanta
neodhalila rozdily v sekundarni strukture, ovsem funkéni studii byla prokazana vyrazné vyssi
hodnota Michaelisovy konstanty (K.,) a ndsobné snizeni limitni rychlosti (V). Obé rezidua se
patrné podili na zachovani prostorového usporadani aktivniho mista PSAMADH2. V blizkosti
paru Leul66-Met167 a residua Trpl70 se v substratovém kandlu nachdzi Cys453. Vzhledem
k jeho poloze se uvazovalo o jeho zapojeni do vazby substratu, ovSsem kinetickou studif
mutantu C453A byl pozorovan pouze nepatrny vliv na katalytické vlastnosti enzymu (Kopecny
et al,, 2011).

Zakladnimi zbytky aktivniho mista jsou Cys294, Asn162 a Glu260 (Obr. 6). Na thiolovou

skupinu Cys294 se pfimo vaze substrat (Tylichova et al., 2010) (Obr. 5). Asn162 vytvari svym
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postrannim dusikem spole¢né s dusikem hlavniho fetézce Cys294 otvor, v némiZ jsou
stabilizovany meziprodukty reakce (Steinmetz et al., 1997). To potvrzuje i priblizné 200krat
nizsi dehydrogenasovd aktivita mutantu N162A spojend s poklesem afinity k substratu o vice
nez jeden rad (Kopecny et al., 2011). Vedlejsi retézec Glu260 je flexibilni. V aktivni pozici
sméfujici k nikotinamidu se Fetézec dostava do vzdalenosti 3,5 A od siry katalytického Cys294.
V klidové pozici vzroste vzdalenost od zminéné siry na 7 az 8 A a Glu260 interaguje s dusikem

hlavniho retézce Glu470 a kyslikem hlavniho retézce Trp459 (Tylichova et al., 2010).
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Obr. 7: Vyznam vybranych zbytk( substratového kanalu na aktivitu a substratovou specifiénost
PsAMADH2 demonstrovany pomoci bodovych mutaci (Kopecny et al., 2011). A: Substratova
specifiénost mutant( vzhledem k substratim pti [S] = 1,0 mmol-I"". B: Saturaéni kivky pfi

oxidaci APALu.

V pfipadé vazebného mista pro koenzym NAD" je velmi dobfe definovana pouze poloha
adenindifosfatu (ADP), zatimco poloha nikotinamidribosidu je vyrazné flexibilnéjsi. Zatimco
u PSAMADH1 zaujimd ADP ¢ast koenzymu NAD® polohu, jeZ dosud nebyla u jinych ALDH
pozorovana, v pfipadé PsAMADH2 se poloha adeninu shoduje s jeho polohou u ostatnich
ALDH. Adeninova baze koenzymu se obvykle nachazi v hydrofobni kapse mezi helixy aD a aE,
je zasunuta mezi Gly218 a vedlejSim rfetézcem Thr242 a nevytvati polarni kontakt s enzymem.
Tato ¢ast NAD" vytvafi vodikové vazby s Glu188, Thr159, Lys185 (ribosa), Thr242, Ser239 (a-
fosfat) a Trp161 (B-fosfat). Poloha adeninové baze NAD" v pfipadé PSAMADH1 je pfevracena o
180° oproti obvyklé konformaci, diky ¢emuz je strana N3-N9 ptistupnd rozpoustédlu a ribosa i
oba fosfaty jsou vné vazebné kapsy. Adeninovd baze je umisténa mezi Gly218 a AAL223 na
jedné a Thr242 a lle246 na druhé strané. ADP pak vytvari vodikové vazby s Lys245, GIn341
(ribosa), Thr242 a Ser239 (B-fosfat) (Tylichova et al., 2010).
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1.2.3 Residua Kklicova pro substratovou specificnost AMADH

Ackoliv residua aktivniho mista AMADH jsou plné zachovana a residua substratového
kanalku jsou rovnéz vysoce konzervovana, vyskytuji se vtéto kliCové ¢asti proteinu mezi
jednotlivymi isoenzymy jisté rozdily (Tab. 2). Velmi Siroka substratova specificnost SIAMADH1
je patrné zpUsobena pritomnosti kratkého Ala289 nahrazujiciho obvykly Trp. Dulezita je i
pfitomnost Tyr na pozici 454 namisto obvyklého Ser &i Cys. Skutecnost, Ze ZmAMADH1a

akceptuje BAL jakoZto substrat, je zplisobena Cys446, ktery nahrazuje lle pfitomny na

na jehoz pozici se v ptipadé dalSich AMADH nachazi Thr. AMADH, které postradaji na pozici
288 Trp, prijimaji APAL hlfe neZ ostatni AMADH a preferuji triMet-ABAL, zato vSak dobre
oxiduji i pyridinkarbaldehydy (Diaz-Sanchez et al., 2012, Kopecny et al., 2013).

Tab. 2: Porovnani aminokyselin tvoficich aktivni misto a substratovy kanal u ALDH10 z hrachu
(Pisum sativum PsAMADH, UniProtkKB:Q8VWZ1 a Q93YB2), raj¢ete (Solanum lycopersum
SIAMADH, UniProtKB:B6ECN9), kukuftice (Zea mays ZmAMADH, UniProtKB: COP9J6, G5DDC2 a
C6KEMA), ryze (Oryza sativa, OsBADH, UniProtkB: 024174 a Q84LK3), jemene (Hordeum
vulgare, HYAMADH, UniProtKB: Q94IC0 a 94IC1) a Spenatu (Spinacia oleracea, SOBADH,
UniProtKB: P17202). Pozice jsou ocislovany dle PSAMADH?2.

Zdroj A:::Z::l Substratovy kanal a okoli 8
S OO MMUNOTOMIITHNMSS I O §
Enzym N 0N gHodgdagpasdaAdssSSTes o
O Z2 H =E0AoA>XAERERHMEHOHOMDODMEBER
PsAMADH1 C N E ADDYLMWEFVPFTIS STIOQZPSE FTIW SKL
PsAMADH2 C N E WDDVYLMWT FWTI STIOQPCVFTMW AKL
S1AMADH1 C N E ADDYLMWEFAVYVSIOQPTTF EFNW SKN
S1AMADH2 C N E S DDYLMWVPFWTI STIQPCTF FWW SKL
ZmAMADHla C N E WDDVYLMWTPFWTI SCOQPCUFCW SKL
ZmAMADH1b C N E WDDVYLMWUPFWTI ST QPCUFCMW SKL
ZmAMADH2 C N E GDDYLMWEFATIS STIOQPCT FVW SKL
OsBADH1 C N E GDDYLMWEFPFATIS STIOQPCT FVW SKL
OsBADH2 C N E WDDVYLMWUPFWTI STIQPCUFCMW SKL
HvAMADH1 C N E ADDYLMWV FWTISTIOQPTULVW SKL
HvAMADH2 C N E WDDVYLMWEFVFVSCQPCV FCMW AN-
SoBADH C N E LDDYLMWP FWTIS S AQPTCTFEFVW KSP

PFitomnost Trp na pozici 288 (PsAMADH), jiz odpovidaji v pfipadé raj¢atovych a kukufi¢nych
isozym( pozice 289 (SIAMADH), 290 ¢i 291 (ZmAMADH), zvysuje afinitu enzymu k APALu.
Enzymy s timto residuem (napf. PSAMADH2, SIAMADH2 a ZmAMADH1a/b) (Tab. 2) vykazu;ji
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vyrazné niz$i hodnotu K, (kolem 10 umol-I") ne? ostatni isozymy (kolem 50 umol-I™*). Tyto
enzymy se vyznacuji rovnéz masivni inhibici nadbytkem substratu jiz v nizSich koncentracich
nez enzymy, u nichz je Trp288 nahrazen Ala ¢i Phe (Kopecny et al.,, 2013). To plati i pro
mutanta W288A v pripadé PsAMADH2 (Kopecny et al., 2011). Stejny vztah byl pozorovan i u
dalsich AMADH napf. z ryze (Oryza sativa, OSAMADH), kde OsAMADH2 obsahujici zminény Trp
vykazuje vyrazné nizsi hodnotu K, nez OsAMADH1, kde je na oné pozici Ala (Bradbury et al.,
2008). Vyssi preference enzym( neobsahujicich Trp288 vici tri-Met-ABALu je zplsobena
vétSim polomérem substratového kanalku a ztratou m-interakce mezi aromatickym jadrem Trp
a kladné nabitym kvartérnim dusikem substratu. Enzymy s ndhradou Trp288 jinym residuem
rovnéz vykazuji vyssi stupen aktivity vzhledem k pyridinkarbaldehyddm (Kopeény et al., 2013).
se lisi od ostatnich isoenzymU pFitomnosti Thr454 (pozice 453 dle PsAMADH) (Tab. 2).
V ostatnich pripadech se zde nachdzi Ser ¢i Cys. Oproti ostatnim strukturam je v pfipadé
SIAMADH1 pozice Thrd54 a tii nasledujicich aminokyselin rozdilna. Posun Thr454 o 1,8 A od
aktivniho mista ve srovnani s odpovidajicimi rezidui ostatnich enzym( vede k vodikové vazbé
vedlejSiho retézce Thrd54 s dusikem vedlejsiho fetézce GIn485 z oligomerizacni domény druhé
podjednotky. Substratovy kandlek je tak Sirsi a méné poldrni, diky ¢emuz vykazuje SIAMADH1
vyssi afinitu k alifatickym i aromatickym aldehydim (Kopecny et al., 2013).

Zatimco AMADH, jeZ nepfijimaji BAL jako substrat, obsahuji na pozici 441 aZz 446 dle
Cislovani konkrétniho enzymu (ekvivalent pozice 444 u PsSAMADH2) lle, ZmAMADH1a s vysokou
afinitou vici BALu obsahuje Cys446 (Tab. 2). To vede k posunu vedlejsiho fetézce Trp461 o
1,6 A smérem od Tyrl65 v porovnani s odpovidajicimi Trp459 a Tyrl63 v pfipadé obou
PsAMADH. Striktné zachovana residua Tyr163, Trp170, Trp288 a Trp459 totiz vytvari kation-mt
interakce s trimethylamoniovou skupinou BALu, ktery se tak zasune mezi Tyrl63 a Trp459
(Kopecny et al., 2013). V pfipadé BADH ze Spenatu (SoBADH, Spinacia olerace) se na této pozici
nachazi Ala441 (Tab. 2), ktery je diky své mensi velikosti pfili§ vzdalen od Tyrl60 (Tyr163 u
PsAMADH2). Diky tomu nedochazi k van der Waalsové interakci mezi zminénymi residui a
otvira se tak prostor pro vstup trimethylamoniové skupiny substratu. Zatimco mutant SoBADH
A4411 vykazuje drastické zhorSeni katalityckych vlastnosti pfi oxidaci BALu (pomér V/K
poklesne pfriblizné 166krat), probihd oxidace BALu mutantem A141C za podminek
srovnatelnych s pfirozenym enzymem (Diaz Sanchez et al.,, 2012). Evolu¢né nejstarsi
aminokyselina na této pozici je pravdépodobné lle. Z néj se pak po dvou bodovych mutacich
mohl vyvinout jak Ala pres Val ¢i pres Thr, tak Cys pres Ser Ci pres Phe. Z mutantll BADH
vykazuje obdobnou schopnost oxidace BALu nejen jiz zminény mutant A441C, ale i jeho

teoreticky predstupen A441. Vcelku dobfe pfijima BAL i mutant A441T. V pfipadé mutantd za
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zbyvajici teoretické mezistupné i za lle dochazi k dramatickému zhorseni aktivity enzymu
vzhledem k BALu. Naproti tomu vSak mutant A441l oxiduje APAL daleko |épe neZ ptirozeny
enzym, kdy pfi srovnatelné hodnoté K, (cca 4umo|-l'l) vzroste hodnota k. pfiblizné na
dvojnasobek (1,0 a 1,9 s*) (Mufioz-Clares et al., 2014).

SIAMADH1, ktera oxiduje BAL jen ve vysokych koncentracich, ma ve své strukture Asn290
odpovidajici Thr289 v pripadé PsAMADH?2. Zatimco Thr289 vytvari vodikovou vazbu s vedlejsim
fetézcem Tyrl63, Asn290 tuto vazbu nevytvafi. To umoznuje Tyrl63 posun smérem ke Asn290
ven ze substratového kanalku. Je proto pravdépodobné, Ze funkce Asn290 je obdobna funkci

Cys446 v pripadé ZmAMADH1a (Kopecny et al., 2013).

2 Aldehydy vlihovinach a jejich detekce vyuzitim 2,4-
dinitrofenylhydrazinu

V lihovinach se obvykle vyskytuje malé mnozZstvi aldehyd( (Nascimeto et al., 1997, Lépez-
Vazques et al., 2010). Tyto aldehydy jsou obvykle produkty napt. tepelného rozkladu cukrd,
fermentace ¢i oxidace alkoholl pfitomnych v lihovinach, popf. disledkem kontaminace
v prlbéhu vyroby ¢i skladovani (Hodge et al., 1953, Miyake & Shibamoto, 1993, Clemente-
Jimenez et al., 2005, Cortés et al., 2010, Bortoletto & Alcarde, 2013). Aldehydy obsaZené
v lihovinach jsou toxické, pricemz v pritomnosti ethanolu je jejich toxicita vyrazné vyssi. Mezi
projevy intoxikace aldehydy patti napf. nausea, zvraceni, neklid, poceni, pokles krevniho tlaku,
zrychleny tep ¢i bolesti hlavy pfi kocoviné (Nascimento et al., 1997, Eriksson, 2001). Proto je
obsah aldehyd( nejen v lihovinach, ale i v dalSich napojich a potravinach sledovan. Vzhledem
k Siroké substratové specificnosti SIAMADH1 (Kopecny et al., 2013, Priloha 1), byl tento enzym

vybran pro tvorbu biosenzoru vyuZitelného pro jejich detekci (Pfiloha 3).

2.1 Aldehydy pritomné v lihovinach

V lihovinach byla detekovana Siroka skala aldehyd(. Nejvyssi koncentrace obvykle dosahuje
acetaldehyd (C,AL). Casto se wvyskytuji i akrolein (AkrAL), furfural (FurAL), 5-
hydroxymethylfurfural (OH-Met-FurAL) ¢i benzaldehyd (BzAL). Rovnéz dalsi alifatické aldehydy
(C,AL) vCetné nékterych vétvenych izomer(, napf. isovaleraldehydu (3-methylbutanal, 3-Met-
BAL) a 2-methylbutanalu (2-Met-BAL) byvaji v lihovinach detegovany. Pfitomnost 5-
methylfurfuralu (Met-FurAL) rovnéZz neni vyjimkou, ale obvykle jeho koncentrace je obvykle
vyrazné nizsi nez v pripadé FurALu a OH-Met-FurALu. Jednotlivé druhy lihovin se samoziejmé
lisi obsahem jednotlivych aldehydl (Miyake & Shibamoto, 1993, Nascimeto et al., 1997,
Ledauphin et al., 2010, Lépez-Vazques et al., 2010, Plutowska et al., 2010, Alcarde et al., 2011,
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Cabaroglu & Yilmaztekin, 2011). Vyrazné rozdily jsou i mezi lihovinami podobného druhu, ale
rozdilného pdvodu. Kupfikladu grapa i orujo jsou destilaty vyrabéné z pevného podilu zbylého
po lisovani vinnych hroznll. Pfesto orujo, jez se vyrabi v regionu Galicie v severozapadnim
Spanélsku, obsahuje BzAL, ktery grapa ze severovychodni Italie neobsahuje. Navic koncentrace
FurALu v grapé je vyrazné nizsi nez v oruju. Rozdily byly pochopitelné i mezi jednotlivymi
konkrétnimi vzorky obou zminénych lihovin (Cortés et al., 2011). Velky vliv na slozeni dané
lihoviny ma i zplsob uskladnéni surovin ¢i produktu v dobé zrani. Podstany je napf. material
nadoby, ve které je uskladnéna surovina pro vyrobu (Cortés et al., 2010), ¢i druh dreva, z néjz
byl vyroben sud pouZity pro zrani lihoviny (Bortoletto & Alcarde, 2013).

Acetaldehyd, ktery se v lihovinach obvykle vyskytuje v nejvétsich koncentracich, je vysoce

tékava bezbarvd kapalina. Vznikd fermentaci pyruvatu, jako meziprodukt mlécného i

alkoholového kvaseni ¢i pfi odbourdvani Thr nékterymi kmeny rodl Lactobacillus Ci

Streptococcus za soucasného vzniku Glu. C,AL je rovnéZz prvnim meziproduktem pfi degradaci
ethanolu poZitého v alkoholickych napojich. C,AL se vyskytuje nejen v lihovinach, ale i v dalSich
alkoholickych ¢i nealkoholickych ndpojich, mléku a mlécnych vyrobcichprazené kdvé a mnoha
dalSich potravinach. Jeho mnozstvi v alkoholickych napojich ptipravenych fermentaci ovoce
vyrazné presahuje koncentraci v alkoholickych napojich neobsahujicich ovoce. DalSim z mnoha
zdroju C,AL je i cigaretovy kour (Semmelroch & Grosch, 1995, Chaves et al., 2003, Belluzzi et
al., 2005, Paiano et al., 2014). Je prokazano, Ze C,AL zplsobuje mnohé stavy vyvolané
konzumaci alkoholickych napojd, mezi néz patfi bolesti hlavy, vyrazné zhorseni orientacnich a
motorickych schopnosti ¢i zmény v chovani jednotlivce (Eriksson, 2001, Correa et al., 2012).
Spolecné s ethanolem vytvari C,AL adukty s nukleosidy vazbou na postranni aminoskupinu bazi
za vzniku smiSenych acetall. Tyto adukty napfiklad zpomaluji ¢innosti DNA a RNA polymeras i
zvysuiji riziko rakoviny prsu u Zen (Fraenkel-Konrat & Singer, 1988, Austin et al., 1993). Diky své
vazbé na proteiny zplsobuje C,AL také nepravidelnosti srdecniho rytmu c¢i apoptotickou
bunécnou smrt. Oboji vsak Ize zmirnit poddnim vitaminu B1, nikoliv vsak vitaminu B6 ¢i B12
(Aberle et al., 2004). Rovnéz bylo prokazano, Ze deficit mitochondrialni ALDH2 oxidujici C,AL na
kyselinu octovou vede k oxidativnimu stresu a vyssimu riziku Alzheimerovy choroby (Ohta et
al.,, 2004). V soucasnosti je povaZovan za karcinogen 2. kategorie (bezpecnostni list — verze

2010, revize 2014, http://www.pentachemicals.eu/bezp listy/a/bezplist 383.pdf, duben

2014).

FurAL, Met-FurAL a OH-Met-FurAL, které se vyskytuji v mnoha potravindch a ndpojich,
vznikaji predevsim tepelnym rozkladem sacharidl ¢i kyseliny askorbové. Zejména OH-Met-
FurAL je produktem jak Maillardovy reakce, ktera zplsobuje hnédnuti potravin pfi tepelné

Upravé, tak i karamelizace (Hodge et al., 1953, Fadel & Farouk, 2002). Pro jejich mutagenni
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ucinky, mezi néz patti vyména sesterskych chromatid lymfocitu, se v pfipadé FurALu a Met-
FurALu jednd o potencialni karcinogeny (Khan et al., 1995). Genotoxicita OH-Met-FurALu
naproti tomu pozorovana nebyla, a tak jeho potencidlni karcinogenita je patrné zplsobena
jinymi  mechanismy (Matsushita et al, 2012, bezpecnostni list — verze 2013,

http://www.sigmaaldrich.com, duben 2014). MnoZstvi FurALu ve slivovicovém destilatu pro

vyrobu slivovice omezuje vyhlaka Ministerstva zemédélstvi CR 141/1997 sb. ve znéni
pozdéjSich novelizaci na 50 mg v litru 100% ethanolu, coz v pfipadé lihoviny s obsahem
ethanolu 50 % (V/V) odpovida pfiblizné koncentraci 0,26 mmol-I™.

Benzaldehyd je nejjednodussi aromaticky aldehyd. V semenech ovoce vznikd Ccasto
Stépenim glykosidu amygdalinu (Haisman & Knight, 1967), je pfitomny v mandlich, kterym
dodava charakteristické aroma. RovnéZ je Casto pfitomen ve viné, kde se podili na tvorbé
buketu (Delfini et al., 1991, Green et al., 2011). Obsah FurAL a BzAL ve sladkém viné je vyrazné
vyssi, nez ve viné suchém (Genovese et al., 2007).

AkrAL vznikd naptiklad pti tepelném rozkladu sacharidd, aminokyselin a tuk(, pfi
prepalovani tuk( nebo pfi metabolizaci cytosatického chemoterapeutika cyklofosfamidu (N,N-
bis(2-chloroethyl)-1,3,2-oxazafosfinan-2-amin-2-oxid) a ifosfamidu (N,3-bis(2-chloroethyl)-
1,3,2-oxazafosfinan-2-amin-2-oxid) (Paci et al., 2000). V cigaretovém koufi je AkrAL hlavnim
zdrojem rakoviny plic (Feng et al., 2006). Vzhledem k reaktivité s thiolovymi skupinami vede
expozice AkrALu k tvorbé aduktl s vedlejsim fetézcem Cys Ci glutathionem, navic dochazi i ke
tvorbé aduktl se vSemi bazemi DNA (Abraham et al.,, 2011). Mutagenni Ucinky AkrAL
reprezentuje vymeéna sesterskych chromatid lymfocytl ¢i poskozeni DNA fibroplastl

(bezpelnostni list — verze 2014, http://www.sigmaaldrich.com, duben 2014).

Stejné jako C,AL je pricinou projevl otravy alkoholem, je i toxicita methanolu z velké ¢asti
dana jeho metabolity C;AL a kyselinou mravenci. Nejzndméjsim projevem otravy je v tomto
pfipadé postiZzeni zraku projevujici se slzenim, zanétem rohovky ¢i dokonce oslepnutim
(Cooper & Marchezi, 1959, Tephly, 1991). Expirace C,AL ddle vede k respiracnim problémam,
rakoviné (karcinogen 3. kategorie), poskozeni jater a ledvin ¢i vySSimu riziku leukémie

(Hauptman et al., 2004, Sandicki et al., 2009, Zhang et al., 2009).

2.2 Detekce aldehydu derivatizaci 2,4-dinitrofenylhydrazinem

Pro detekci aldehydd v rdznych matricich byla vytvofena fada metod. Ze zkumavkovych
reakci se nejc¢astéji vyuziva reakce se Schiffovym Cinidlem (kyselina fuchsinsulfoniovd) (Barka &
Ornstein, 1960). Pfi instrumentalni analyze vyuZivajici HPLC separaci se vyuZiva tvorba
hydrazond, nejéastéji reakci s 2,4-dinitrofenylhydrazinem (DNPH) (Obr. 8). Daldim &inidlem

pouzitelnym k derivatizaci vzork( karbonylovych sloucenin pro HPLC separaci je 4-(N,N-
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dimethylaminosulphonyl)-7-hydrazino-2,1,3-benzoxadiazol, ktery umoziuje naslednou
fluorescencni detekci (Nakashima et al., 1994).

Zaklady detekce karbonylovych sloucenin s vyuzitim DNPH byly poloZzeny v obdobi mezi
obéma svétovymi valkami (Allen, 1930). Samotnd derivatizace aldehyd(i DNPH probiha
v kyselém prostredi. Allen pouZil koncentrovanou HCI, jenZi je zahrnuta i v mnoha
soucasnych protokolech derivatizace (napf. Cordis et al., 1993, Deng et al., 1998, Stafiej et al.,
2006), nicméné se pro tuto reakci se vyuZivaji i jiné kyseliny, napriklad H,SO, ¢i HCIO, (Lo Coco
et al.,, 1995, Nascimento et al., 1997). Vytvofi se tak Zluté, oranZové Ci Cervené krystalky
prislusného hydrazonu, které jsou dobfe rozpustné v acetonitrilu, v omezenéjsi mife pak
v ethanolu ¢i methanolu. V pocateénim obdobi pochopitelné slouZil jako dikaz pritomnosti

aldehydu ¢i keton( ve vzorku samotny vznik krystald (Allen, 1930).
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Obr. 8: Schéma derivatizace karbonylovych slou¢enin pomoci 2,4-dinitrofenylhydrazinu
v kyselém prostredi. Vznikly E-izomer je v krystalech a v neutralnim prostfedi stabilni, ale
v kyselém prostiredi dochazi k ¢astecné izomeraci. Proto nékteré protokoly zahrnuji i naslednou

redukci katalyzovanou napf. pikolanem.

Byla publikovana tada protokolli HPLC analyzy vyuZivajici derivatizaci pomoci DNPH
k detekci a stanoveni aldehydl ve velmi rozlicnych vzorcich mezi jinym i v ovzdusi, vodé,
potravinach, napojich, krvi ¢i moci (Lo Coco et al., 1995, Lo Coco et al., 1996, Kim et al., 1999,
Pilz et al., 2000, Fjallstrom et al., 2002, Zwiener et al., 2002). V téchto postupech se obvykle
vyuzivd k separaci chromatografie na obrdcené fazi. Nejcastéji vyuZivanou mobilni fazi je
v tomto pripad soustava voda — acetonitril (Lo Coco et al.,, 1995, Koivusalmi et al., 1999,
Fjallstrom et al., 2002). Casto se vyuZziva i soustava voda — methanol (Esterbauer et al., 1982,
Kim et al., 1999, Stafiej et al., 2006). Existuji vSak i publikace vyuzivajici tyto mobilni faze s pH

upravenym kyselinou octovou, fosfore¢nanovym pufrem ¢i aminoacetatem (Cordis et al., 1993,
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Deng et al., 1998, Zwiener et al., 2002). V této praci bylo vyuZito soustavy voda — methanol,
kterda byla jiz dfive publikovdna pro vzorky podobného charakteru — lihoviny vyrabéné
z cukrové trtiny (Nascimento et al., 1997).

Nedilnou soucasti HPLC analyzy je pochopitelné i detekce eludtu. V tomto pripadé lze velmi
dobre vyuzit spektrofotometricky detektor pro absorpci svétla o vinové délce 350-400 nm.
V této oblasti se nachazi absorpéni maximum jednotlivych derivatl (Lo Coco et al., 1995, Kim
et al., 1999, Koivuslami et al., 1999, Uchiyama et al.,, 2011). Popséna byla i MS ¢i MS-MS
detekce se zachytem molekulového iontu. lonizace vzorku pfi vystupu z kolony se v pfipadé
téchto derivatl obvykle provadi v negativnim maédu (Kolliker et al., 1998, Zwiener et al., 2002,
Chi et al.,, 2007). Z iontu [M-H] lze po odstépeni NO ziskat ion [M-H -30] a znéj pak
odstépenim nitrilu pfislusného aldehydu vznika ion o m/z = 152. Druhym moznym zplsobem
$tépeni je vznik iontu o m/z = 163, ktery vznikd odstépenim nitroalkanu s retézcem o jeden
uhlik kratSi nez retézec derivatizovaného aldehydu. Tento ion vykazuje vysokou intenzitu
v pfipadé alifatickych, a-nenasycenych i aromatickych aldehydd, ale u ketond nebyl pozorovan
(Kolliker et al., 1998).

Hydrazony DNPH a aldehydi vytvari ve vazbé C=N diastereomery E, které jsou v krystalech
¢i v neutrdlnim prostredi stabilni. V kyselém prostfedi ¢i za pusobeni UV zareni dochazi
k tvorbé izomeru Z (Uchiyama et al., 2003). V pfipadé C,AL, kde vznikd Zizomer v nejvyssi
koncentraci, dochazi k pfeméné ptiblizné ¢tvrtiny veskerého hydrazonu. U ostatnich linedrnich
aldehydll pak dojde kizomerizaci maximalné 14 % pfislusného hydrazonu, pricemZ a-
nenasycené aldehydy vykazuji izomerizaci o fad nizsi neZ odpovidajici nasycené aldehydy. Tyto
izomery se ve svych vlastnostech mirné liSi. Z hlediska analyzy je nejvyznamnéjsi rozdil
v absorbénim maximu, které maji Z-izomery o 2-10 nm nizsi, a v mirném rozdilu v retenci na
koloné, kde Z-izomer je eluovan dfive, a tak ma chromatograficky zaznam podobu zdvojeného
piku. V. mnoha analyzdch to neni na zavadu, ale pti vysokém obsahu rlznych aldehyd( a
zejména pfi delsi prodlevé mezi derivatizaci a nastfikem to miZe znamenat komplikaci. Té se
Ize vyhnout reduktivni aminaci dvojné vazby C=N za vniku vazby jednoduché. Pouzité cinidlo
musi byt striktné selektivni a redukovat pouze dvojnou vazbu C=N v hydrazinové ¢asti molekuly
(Uchiyama et al., 2011). K této selektivni redukci se vyuziva fada cinidel, patrné nejvhodnéjsim

je 2-pikolinboran (Uchiyama et al., 2009).
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EXPERIMENTALNI CAST PRACE

3 Material a metody

3.1 Syntéza aldehydii

Alifatické aldehydy véetné izomerd pentanalu, benzaldehyd a jeho bromderivaty,
pyridinkarbaldehydy véetné halogenderivatd, furfural, 5-methylfurfural, 5-
hydroxymethylfurfural a diethylacetaly APALu, ABALu a 2-aminoacetaldehydu (AAAL) byly
zakoupeny od firmy Sigma-Aldrich Chemie (Steinheim, Némecko). 3-Pyridinylpropanaly byly
pfipraveny Swernovou oxidaci pfislusnych alkoholl (Omura & Swern, 1978). N-pyridinylmethyl
derivaty aminoaldehyd( byly pfipraveny ve formé pfislusnych diethlacetald redukéni alkylaci
diethylacetall prislusnych aminoaldehyd s vyuZitim pyridinkarbaldehyd(. N-purin-6-yl, N-7H-
pyrrolo[2,3-d]pyrimidin-4yl a N-pyrimidin-2-yl derivaty w-aminoaldehydd byly pfipraveny ve
formé diethylacetall nukleofilni substituci diethylacetalu APALu, ABALu ¢i AAALu pfislusnym
aryl chloridem. Pro pfipravu diethylacetald N-acylderivatd APALu a ABALu bylo pouZito N-
acylace diethylacetalu APALu ¢i ABALu pfislusnym acylchloridem za heterogenni katalyzy KF-
celitem (Ando & Yamawaki, 1979). Diethylacetaly byly pfevedeny na pfislusné aldehydy tésné
pred mérenim kyselou hydrolyzou v prostiedi kyseliny chlorovodikové.

Swernova oxidace probihala v bezvodém prostfedi pfi teploté -65 °C. K11 mmol
oxalylchloridu rozpusténému ve 25 ml dichlormethanu bylo za stalého michani postupné
pfidano 22 mmol dimethylsulfoxidu rozpusténého v 5 ml dichlormethanu. Po ¢tvrt hodiné byl
ke smési postupné pridan roztok 10 mmol ptislusného alkoholu v 10 ml dichlormethanu a po
dalsim ctvrt hodiné statni bylo pfiddno 50 mmol triethylaminu. Po probéhnuti reakce a zahrati
na laboratorni teplotu byla reakéni smés extrahovana vodou (30 ml) a vodna faze zpétné
extrahovdna 20 ml dichlormethanu. Spojené organické faze byly vysuSeny siranem sodnym, po
jehoz odstranéni filtraci byl dichlormethan odpafen na rotacni vakuové odparce (Omura &
Swern, 1978).

Pfi syntéze diethylacetall w-(pyridinylmethylamino)aldehydd bylo 25 mmol diethylacetalu
aminoaldehydu a 26,3 mmol pyridinkarbaldehydu rozsuspendovano ve 25 ml ethanolu a po
dobu 3 h zahfivano pod zpétnym chladicem. Po ochlazeni smési na laboratorni teplotu bylo
postupné pridano 1,6 g KBH, a smés byla michana 16 h. Poté bylo ptridano 30 ml destilované
vody. Produkt byl zreakéni smési vyextrahovan dichlormethanem (3 extrakce po 50 ml),
organické faze byly spojeny, vysuseny pfidanim 1g Na,SO, a Zluty kapalny produkt byl

vyizolovan odparenim rozpoustédla na rotacni vakuové odparce.
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Pro pripravu diethylacetald purin-6-yl, 7H-pyrrolo[2,3-d]pyrimidin-4yl a pyrimidin-2-yl
derivatl w-aminoaldehydd bylo v 5 ml ethanolu (popt. 3 ml n-butanolu) rozpusténo 1,5 mmol
6-chlor-9H-purinu, 4-chloro7H-pyrrolo[2.3-d]pyrimidinu resp. 2-chlorpyrimidinu. Po pftidani
3 mmol diethylacetalu pfislusného w-aminoaldehydu byla reakéni smés refluxovana (1-4 hod
pfi pouZiti butanolu a aZ 6 dni pfi pouziti ethanolu) a nasledné odpafena do sucha. Purin-6-yl
derivaty byly precistény vysrazenim ve vychlazené destilované vodé s filtraci a vysusenim
srazeniny. Ostatni derivaty byly precistény sloupcovou chromatografii (DAVISIL LC60A, 40-
60 um) s mobilni fazi toluen:acetonitril:methanol 5:2:1.

Pro pripravu katalyzatoru pouzitého pfi syntéze N-acyl-w-aminoaldehydid bylo smiseno 40 g
celitu 545 s 1| roztoku fluoridu draselného o koncentraci 40 g-I*. Po 15 min michani byla ze
suspenze odstranéna voda odparovanim na rotacni vakuové odparce pfi teploté 55 °C. Ziskany
KF-celit byl rozsuspendovan ve 100 ml acetonitrilu, zfiltrovan, promyt acetonitrilem a vysusen
v exsikdtoru pti laboratorni teploté. Pfi samotné N-alkylaci bylo 5g katalyzatoru
rozsuspendovdno v 50 ml acetonitrilu. Do smési bylo pfiddano 6 mmol diethylacetalu APALu di
ABALu a posléze bylo po kapkach v prabéhu pfiblizné 20 min pfidano ke smési za stalého
michani 6 mmol pfislusného acylchloridu. Reakéni smés byla ponechana 30 min pfi laboratorni
teploté, zfiltrovdna a zfiltrdtu odstranéno rozpoustédlo odpafenim na rotacni vakuové
odparce (Ando & Yamawaki, 1979).

Z diethylacetalu byl pfislusny aldehyd hydrolyzovan kyselinou chlorovodikovou tésné pred
samotnym mérenim. Pfi méfeni s heterocyklickymi alidehydy byl roztok pfislusného acetalu o
koncentraci 0,1 mol-I"* v HCI (0,4 mol-I") inkubovan pfiblizné 15 min pfi teploté 100 °C. Naproti
tomu pfi méfeni s N-acylovanymi w-aminoaldehydy bylo pfiblizné 25 ul diethylacetalu
rozpusténo v takovém mnozstvi HCl o koncetraci 3,0 mol-lI*, aby jeho vysledna koncentrace
byla 700 mmol-I™. Vzorek byl 15 min inkubovén pfi teploté 100 °C a po ochlazeni zfedén na
zasobni koncentraci 40 mmol-I™. Vzorky aldehydd byly po dobu méfeni uchovavany v ledové

lazni.

3.2 Produkce rekombinantniho enzymu a méreni aktivity

Celkova mRNA byla izolovana z Sestidennich klick( hrachu setého (Pisum sativum) a z list(i a
apikdlniho meristému sedmidennich semenackl rajcete jedlého (Solanum lycopersicum syn.
Lycopersicon esculentum) pomoci soupravy Midi spin columns kit (Macherey-Nagel, Diiren,
SRN). Otevreny cteci rdmec (ORF) PsAMADH1 byl vlioZzen do vektoru pET28b umozZiiujiciho
vneseni histidinové kotvy do nasledné produkovaného proteinu, zatimco ostatni ¢teci rdmce
byly klonovany do vektorupCDFDuet s obdobnou mozZnosti (Tab. 3). Vytvoreny konstrukt byl

vloZen do bakterialnich bunék Escherichia coli metodou tepelného Soku.
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Tab. 3: Primery a restrikéni enzymy pouzité pfi klonovani jednotlivych enzym{.

Enzvm Kéd v Gen Bank Pousité primer Restrikéni
y (Velikost ORF) P y enzym
AMADL AJ315852 5-GCTGCATATGGCAATCACAGTATCAAGT-3 Ndel
(1510 bp) 5'-CGTCTCGAGTATCACAGCTTTGAAGGTGG-3" Xhol
P AMADL2 AJ315853 5'-CAGGATCCAGATATTCCGATCCCAACTCGT-3' BamHI
(1512 bp) 5'-CGCTCGAGTTACAGTTTTGCAGGAGGCT-3' Xhol
S AMADHL AY796114 5'-CAGGGATCCGGCAAATCGTAATGTACCA-3’ BamHI
(1515 bp) 5 -CGTCTCGAGCTAATTCTTTGAAGGTGACTTAT-3' Xhol
SAMADL2 F1228482 5 CATGAATTCGGCGATTCCTAATATACGGAT-3’ EcoRl
(1518 bp) 5-AGTGGTACCTTACAGCTTTGAAGGAGACT-3’ Kpnl

Bakterialni bunky Escherichia coli obsahujici vektor s ptislusnym ORF byly prekultivovany ve
20 ml Luria-Bertaniho (LB) media o koncentraci 25 g:I"obsahujiciho 1% glukosu a pfisluiné
antibiotikum. Pfi pouziti vektoru pET28b bylo jako antibiotika pouzito kanamycinu o
koncentraci 30 pg-ml™, zatimco pfi pouZiti vektoru pCDFDuet bylo pfidano antibiotikum ve
vysledné koncentraci 50 pg-ml™. Sterilni Erlenmayerova barika se sterilnim médiem byla po
inokulaci pfislusnymi bakteriemi umisténa do inkubacni tfepacky, kde byla za mirného trepani
inkubovana pfi teploté 37 °C pres noc.

Bakteridlni buniky byly z prekultury odstranény centrifugaci pfi 4000 g po dobu 5 min a
rozsuspendovdny ve 300 ml sterilniho LB média s pfislusSnym antibiotikem. Kultura byla
inkubovana za mirného trepani pfi 30 °C do dosazeni OD600 (“optical density”) pfiblizné 0,6.
Poté doslo k indukci exprese pridavkem isopropyl B-D-1-thiogalatopyranosidu (IPTG) o
vysledné koncentraci 0,1 mmol-I'". Samotna exprese proteinu probihala pies noc pfi 20 °C za
mirného tfrepdni. Po ukonceni exprese byly bakteridlni buriky odstranény z média centrifugaci
pfi 4000 g po dobu 15 min a ze ziskaného sedimentu byl ddle extrahovan rekombinantni
enzym.

K bakteridInimu sedimentu bylo p¥idéno 1,25 ml Tris-HCl pufru (400 mmol-I", pH 8,0),
0,25 ml MgCl, o koncentrace 400 mmol-I", 0,1 ml inhibitoru proteas a 1,0 ml vody. Po
rozsuspendovani bylo pridano extrakcni Cinidlo B-PER a po deseti minutach 100 pl lysozymu
(10 mg-ml™). Po zgelovaténi smési (pfiblizné 1 h za laboratorni teploty) bylo ke vzniklému
lyzatu pridano 10 ul DNAsy (10 U-pl™), 20 pl RNAsy (10 pg-ml™) a 5 ml vody. Po inkubaci pfi 37

°C po dobu 30 min bylo ke smési pfiddno 1,25 ml NaCl (1 mol-1™) a 1,37 ml 50% glycerolu.
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Pevné zbytky bakteridlnich bunék véetné inkluznich télisek byly odstranény cetrifugaci po dobu
minimané 30 min pfi 10 °C a 12000 g. Enzym byl ze supernatantu purifikovan nizkotlakou
chelata¢ni chromatografii na koloné, kde stacionarni fazi tvofila IDA-Co(ll)-Sepharosa. Mobilni
fazi pak tvofil Tris-HCI pufr (20 mmol-I™, pH 8,0) obsahujici NaCl (100 mmol-I*) a 5% glycerol.
Pro ekvilibraci kolony pfed nanesenim vzorku a promyti kolony po naneseni vzorku bylo
pouzito zminéného pufru s obsahem imidazolu o koncetraci 10 mmol-I™, zatimco p¥i eluci byla
koncentrace imidazolu skokové zvy$ena na 250 mmol-I™". Eluované frakce obsahujici izolovanou
AMADH byla pres noc dialyzovana proti Tris-HCl pufru (20 mmol-I™, pH 8,0), ktery obsahoval
5% glycerol.

Méreni aktivity AMADH zaloZené na Warburgové optickém testu spociva v detekci
redukovaného koenzymu NADH vznikajiciho pfi reakci méfenim absorbance svétla o vinové
délce 340 nm (g = 6220 mol™ | cm™) (Warburg & Christian, 1943). Pro méFeni byl pouzit UV/Vis
spektrofotometr Beckman DU7500 (Beckmann Coulter Inc., Brea, CA, USA) v ptipadé
heterocyklickych aldehyd(l a UV/VIS spektrofotometr Agilent 8453 (Agilent Technologies, Santa
Clara, CA, USA) v pfipadé N-acyl-w-aminoaldehydd a méteni souvisejiciho s detekci aldehydi v
lihovinach. Reakéni smés v kyveté o celkovém objemu 2 ml obsahovala pufr Tris-HCI
(115 mmol-I*, pH 9,0), koenzym NAD* (0,5 mmol-I"), 5 a# 20 ul roztoku pfislusné AMADH a
roztok substratu, jehoz pridanim byla reakce po vynulovani pfistroje startovdna. Pro urceni
substratové specifi¢nosti byla pouZita koncentrace substratu 1,0 mmol-I™, zatimco pro uréeni
zékladnich kinetickych parametrd enzymové reakce bylo pouZito rozmezi minimalné deseti
koncentraci uréené dle kinetickych parametr reakce (obvykle mezi 20 a 2000 mmol-I™).
Kinetické  parametry enzymovych reakci byly vyhodnoceny pomoci softwaru
GraphPad Prism 5.0 s vyuzitim rovnice v = V-[S] / (K. + [S]) pro reakce bez inhibice nadbytkem
substratu a rovnice v=V-[S] / (K, + [S]-(1 + [S] / Ks)) pro reakce, u nichZ se projevila inhibice
nadbytkem substratu. V ptipadé méreni se vzorky slivovice byla reakce startovana pridanim
50 ul nezakoncentrované lihoviny, popt. 20 ul lihoviny, ktera byla nejprve zakoncentrovana

odparenim na rota¢nim vakuovém koncentratoru na padesatinu pdvodniho objemu.

3.3 Molekulové modelovani - dokovani substratu do aktivniho mista

enzymu
Vybrané substraty byly dokovany do aktivniho mista PSAMADH2 (pfistupovy kéd v PDB

databazi 31WJ). Stuktury ligandd byly vytvoreny pomoci PRODRG serveru (Schittelkopf & van

Aalten, 2004, http://davapcl.bioch.dundee.ac.uk/cgi-bin/prodrg). Pro optimalizaci geometrie

struktur ligand(l byla pouZita Hartree-Fockova metoda implementovana v programu Gaussian

03 (Frish et al., 2004). Vypocet ndbojl a priprava vstupnich soubor( pro dokovani probéhla
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v programu Antechamber ze sady AMBER (Case et al., 2005, Pearleman et al., 1995). K pfipravé
prabéhu a analyze simulaci bylo pouZito grafického rozhrani softwaru Triton (Prokop et al.,
2008). Samotné dokovani probéhlo s vyuzitim porgramu Autodock 3.0 (Morris et al., 1998) za
pouziti semiflexibilniho protokolu s rigidni molekulou PsSAMADH?2 flexibilnimi ligandy. Gridovaci
box o rozmérech 45x45x45A byl centrovan do substratového kanalu. K vypoétdm bylo
pouzito Lamarckianova genetického algoritmu. Pro kazdy ligand bylo uréeno 200 konformaci.
Nejpravdépodobnéjsi pozice aldehydl v aktivnim misté PSAMADH2 byly zobrazeny pomoci

softwaru PyMOL, verze 1.3 (Schrédinger LLC, USA, http://www.pymol.org).

3.4 Imobilizace SIAMADH1 a tvorba biosenzoru

Superparamagnetické nanocdstice z maghemitu (y-Fe,0s) o velikosti 20 az 40 nm, které
byly ptipraveny borohydridovou redukci chloridu Zelezitého (Magro et al., 2012), je mozné
povrchové modifikovat prostou inkubaci suspenze nanocastic v prislusném vodném roztoku.
V nasem piipadé byly nanodastice (vysledna koncentrace 0,5 mg-ml™) rozsuspendovény v Tris-
HCI (100 mmol-I™", pH 8,0) s obsahem KCl o koncentraci 100 mmol-I™. K suspenzi byla pfidédna
SIAMADH1 (vysledna koncentrace 13,6 pmol-1™?) a smés byla za mirného tfepani inkubovana
pres noc pfi teploté 4 °C. Nanocastice byly po inkubaci separovany z roztoku pomoci silného
externiho magnetu a promyty pufrem pouzivanym pro imobilizaci SIAMADH1.

Méreni aktivity imobilizované SIAMADH1 probihalo podobné jako v pfipadé volného
enzymu. Zakladni rozdil byl v pouziti suspenza nanocastic, kterou bylo nutno pred odectenim
absorbance odseparovat pomoci magnetu na dno kyvety. Vdlsledku toho doslo k
proudlouZeni intervalu mezi jednotlivymi mérenimi absorbance na minimalné 1 min. Pfi
méreni kinetickych parametrl byl pro vSechny koncentrace substratu pouzit stejny dil
nanocastic. Ty byly mezi jednotlivymi méfenimi pomoci silného magnetu sedimentovany na
dné kyvety a po odstranéni staré reakéni smési promyty pufrem pouzivanym pti méreni.

Elektroda z uhlikové pasty (70 % grafitovy prasek a 30 % silikonovy tuk, popt. 55 %
grafitovy, 30 % silikon a 15 % nanocastice z Fe,03) byla pfipravena vtlaéenim pasty do sklenéné
kapilary o vnitfnim prdmeéry 1,35 mm. Z opacné strany byl do kapilary vloZzen médény drat
tvofici vodivé spojeni s potenciostatem. Samotna elektrochemickd cela sestdva ze dvou
sklenénych ¢asti, mezi nimiz je vytvoren pomoci teflonovych spacerl kanalek o sifce 0,1 mm
definujici objem cely na 1 pl. Jedna cast (A) obsahuje pracovni elektrodu a druha cast (B)
vstupni i vystupni kandlek a Ize k ni pfipojit magnet imobilizujici nanocastice modifikované
SIAMADH1, které jsou umistény uvnitf cely. Ve vstupnim, popf. vystupnim kandlku byla
umisténa platinova, resp. Ag/AgCl elektroda vyuZitd jako mérna, resp. referencni elektroda

(Obr. 9). K méfeni obsahu aldehyd( ve vzorku bylo vyuZito linearni voltametrie. Po pfidavku
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APALu (kalibrace) ¢i vzorku zfedéného na pétinu plvodni koncentrace a probéhnuti reakce
byly nanocastice fixovany magnetem na sténu cely. Pro dekci vzniklého NADH byl mezi
pracovni a Ag/AgCl elektrodou byl aplikovan postupny narust potencidlu z0 na +1,2 V pfi

rychlosti 2 mV-s™.

A
Vstup Vystup
Platinova ._Y —
elektroda Ag/AgCl elektroda
B { Nanocastice s
L] ] imobilizovanou
[ SIAMADH1
A< Teflonovy spacer

Pracovni elektroda

Obr. 9: Schéma biosenzoru pouzitého k detekci aldehyd( v lihovinach.

3.5 Analyza obsahu aldehydii pouzitim HPLC

Pro potreby HPLC byly standardy aldehyd( derivatizovany pomoci 2,4-dinitrofenylhydrazinu
(DNPH). Standard aldehydu (2 mmol) byl rozpustén ve 20 ml absolutniho ethanolu. 0,8 g DNPH
(pfiblizné 4 mmol) bylo rozpusténo v 6 ml destilované vody a 4 ml koncentrované kyseliny
sirové a takto pfipravené derivatizacni ¢inidlo bylo pfidano k roztoku aldehydu. Reakéni smés
byla za stalého michani ponechana 1 hodinu pfi laboratorni teploté a vzniklé krystalky byly
zroztoku odstranény odsatim na Bichnerové ndlevce, promyty ethanolem a rozpustény
v acetonitrilu na koncentraci 1,0 g:I". K daldimu Fedéni standartli byl pouzit 45% roztok
ethanolu ve vodé. Cistota byla ovéfene tenkovrstevnou chromatografii na silufolovych
destickach s vyuzitim dichlormethanu jakozto mobilni faze (Nascimento et al., 1997).

Vzorky lihovin pro HPLC analyzu byly derivatizovany tésné pred nastfikem na kolonu. K 1 ml
derivatizac¢niho Cinidla (4% DNPH v acetonitrilu) bylo pfidano 250 pl vzorku a 12,5 ul 1,0-M
HCIO,. Smés byla ponechana za mirného trepani 1 hodinu pfi laboratorni teploté a poté

zfiltrovana pres mikrospinovy filtru (Nascimento et al., 1997).
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Pro analyzu bylo na kolonu Kinetex 2,6 u C18 100A (150 x 4,6 mm) naneseno 10 ul vzorku
bez prekoncentrace. Jako mobilni faze byly pouZity voda (A) a methanol (B), pratokova rychlost
byla 0,5 ml-min™ a teplota 40 °C. Pro nanaseni vzorku a pocatek eluce byl pouzit obsah
methanolu ve smési 65% (v/v) nasledovany sekvenci linedrnich gradientd a izokratické eluce
(Tab. 4). Méreni probihalo na chromatografickém systému Knauer Smartline HPLC
(Wisseschaftliche Gerdtebau Dr. Ing. Herbert Knauer, GmBH, Berlin, SRN) sestavajiciho
z ddvkovaciho zatizeni SmartlineAutosampler 3950, fidici jednotky Smartline Manager 5050,

pumpy Smartline Pump 1000 a detektoru Smartline UV/VIS Detector 2550.

Tab. 4: Podminky, za kterych byla provadéna HPLC separace aldehyd( po derivatizaci DNPH.

Parametr Prabéh analyzy

Cas (min) 0 5 12 13 19 20 205 22 29 32 34 40
Mobilni faze (% B) 65 70 70 75 65 65 90 95 100 100 65 65
Prétok (ml-min™) o5 o5 o5 05 05 05 05 05 05 05 05 05
Teplota (°C) 40 40 40 40 40 40 40 40 40 40 40 40
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4 Vysledky a diskuse

rd

4.1 Substratova specificnost a kineticka méreni

4.1.1 Heterocyklické a aromatické aldehydy

V ramci vyzkumu substratové specifi¢nosti hrachovych a rajéatovych AMADH byla testovana
fada heterocyklickych aldehyd(i odvozenych zejména od pyridinu, pyrimidinu, purinu a 7H-
specificnost ze studovanych enzymi byla pozorovana u SIAMADH1. Oba hrachové izoenzymy
se v substratové specifi¢nosti pfilis neliSily a prekonaly SIAMADH?2. ZjiSténa Sirokd substratova
specificnost SIAMADH1 je vplném souladu svysledky studie role klicovych residui
v substratovém kanalku rostlinnych AMADH (Kopecny et al.,, 2013). Mnoho testovanych
aldehydl bylo shleddano dobrymi substraty jednotlivych AMADH, ale jiné byly oxidovany jen
velmi pomalu, popt. nebyly oxidovany vibec (Obr. 11). Kinetické parametry pak byly méreny

pouze s témi aldehydy, které byly shledany doberi substraty pfi koncentraci 1,0 mmol-I™.

SN Ry N Ry o Ra/a R2/3/4
| AN | N N % [jA @

R, ... 2-PCAL R, ... 3-PCAL .. 4-PCAL .. 3-PMet-APAL .. 2-PMet-AAAL
R, ... P2PAL R, ... P3PAL R, ... PAPAL R, ... 3-PMet-ABAL R, ... 2-PMet-APAL
Cl N Cl .. 2-PMet-ABAL
N
+ ’ 2/3/4
= \
=
.. 4-PMet-AAAL
2,6-diCl-4-PCAL 3,5-diCl-4-PCAL 2-Br-4-PCAL 3-Br-4-PCAL

R, ... 4-PMet-APAL
_Ro R 4- PCALNO
R, ... 4-PMet-ABAL

(" @s & @ e

.. Pm-AAAL

R, ... Pm-APAL R, ... Pu-AAAL
3 2 R, ... PyrPm-AAAL 2-Br-BzAL o
R4 ... Pm-ABAL R3 ... Pu-APAL R3 Perm—APAL 3-Br-BzAL "
4
R, ... Pu-ABAL R,...PyrPm-ABAL  4-Br-BAL —0

Obr. 10: Vzorce heterocyklickych a aromatickych aldehyd(, které byly testovany jako substraty
rostlinnych AMADH.
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Pyridinylkarbaldehydy jsou dobrymi substraty jen v pfipadé oxidace SIAMADH1. Oba
hrachové isozymy je oxiduji jen velmi pomalu s relativni reakéni rychlosti vztazenou k APALu
nizsi nez 5 %. Rychlost oxidace katalyzovana SIAMADH2 byla pod mezi detekce. Krom
samotnych karbaldehydl byly testovany i derivaty 4-PCALu. N-oxid pyridin-4-ylkarbaldehydu
(4-PCALNO) je oxidovan rychlosti priblizné odpovidajici oxidaci samotnych PCAL(. Dichlor- a
bromderivdty 4-PCALu se ve svych substratovych vlastnostech vyrazné odliSuji od
nesubstituovaného aldehydu. Substratové vlastnosti halogenderivatl jsou mnohem vice
ovlivnény pozici substituce nez konkrétnim halovym prvkem, jez je substituentem
pyridinového kruhu. Zatimco oxidace 3,5-diCl-4-PCAL a 3-Br-4-PCAL, kde se nachazi substituce
v pfimém sousedstvi karbaldehydu, nebyla prokazana, 2-Br-4-PCAL a 2,6-diCl-4-PCAL, které
obsahuji substituci ve vzdalenéjsi poloze, jsou dobrymi substraty vSech ¢tyf AMADH.

S vyjimkou SIAMADH1 se dokonce jednd o lepsi substraty nez 4-PCAL (Obr. 11).

0 PSAMADH1 m PsAMADH2 m SIAMADH1 m SIAMADH?2
100%

10% -~

1% -

0% -

P PO P P P P QP o o o P W o B o
MAPSC A VAN TR AR LI R 0 0 S s S g
SRy A R QT QT QF QR NS

,,)‘9' ,‘}f A A A S A A g

Relativni aktivita vztazena k AAPLu
(logaritmické méfitko)

Obr. 11: Substratovd specificnost rostlinnych AMADH vzhledem aldehydlim obsahujicim
pyridinovy heterocyklus. MéFeni probihalo pro [S] = 1,0 mmol-I* pfi saturaéni koncentraci
koenzymu NAD* 0,5 mmol-I™. Specificka aktivita pro oxidaci ptirozeného substratu (APAL) byla

39, 102,53 a58 nkat-mg'1 pro PsSAMADH1, PsAMADH2, SIAMADH1 a SIAMADH?2.

Kinetické parametry pro vSech Sest pyridinkarbaldehyd( (véetné derivatd) byly stanoveny
jen v pfipadé PsAMADH2 a SIAMADH1 (Obr. 12, Tab. 5, Tab. 7). Hodnoty K., se v pfipadé
PSAMADH2 pohybovaly obvykle pod 100 pmol-I* a byly niz$i nez u SIAMADH1, kde byly
obvyklé hodnoty K,, mezi 50 a 400 pmol-I"*. Vyjimku tvofi 3-PCAL, ke kterému PSAMADH2
vykazuje nizkou afinitu (K, = 754 umol-I%), a 4-PCAL s vysokou afinitou SIAMADH1 k tomuto
substratu (K, = 19,2 umol-I™"), diky éemuz se pomér V/K,, vy$plhal na 37,2 % hodnoty pro APAL.

Pro oba halogenderivaty 4-PCALu byla stanovena hodnota K., a V i pfi jejich oxidaci pomoc
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PSAMADH1 a SIAMADH2. Nejniz$i hodnota K. ztéto skupiny (Km=12,9 umolI") byla
pozorovana v pripadé oxidace 2-Br-4-PCAlu pomoci PSAMADH1. Z hlediska poméru V/K,, se
vrelativnim srovnani s APALem (0,819) dokonce jednalo o nejlepsSi substrat ze
vSech testovanych heterocyklickych aldehyd(. Naproti tomu afinita PSAMADH1 k 2,6-diCl-4-
PCAlu byla velmi nizka s hodnotou K, pfiblizné tficetkrat vyssi nez pro oxidaci 2-Br-4-PCALu.
Hodnoty K., dosazené pfi oxidaci obou halogenderivatl za katalyzy PsSAMADH2 byly velmi
podobné, ovsem diky vyrazné vyssi limitni rychlosti je 2,6-diCI-4-PCAL povaZovan za vyrazné
lepsi substrat nez 2-Br-4-PCAL. Naproti tomu v pfipadé SIAMADH1 je diky pfiblizné
dvojnasobné afinité k enzymu a dvojndsobné limitni rychlosti 2-Br-4-PCAL hodnocen jako lepsi
substrat nez 2,6-diCl-4-PCAL (relativni hodnoty V/K,, 0,027 pro 2,6-diCl-4-PCAL a 0,113 pro 2-
Br-4-PCAL). SIAMADH2 dosahuje hodnot K, a V pfiblizné jedenapulkrat vyyssich pro 2,6-diCl-4-
PCAL neZ pro 2-Br-4-PCAL.

A PsAMADH1 @ 2,6-diCl-4-PCAL B Pyridinkarbaldehydy + PSAMADH2
© 2-Br-4-PCAL o 2-PCAL o 3-PCAL
:;‘24 9 P3PAL :?16 @ 4-PCAL @ 4-PCAL-NO
£ 20 & P4PAL g1 RS ® 2,6-diCl-4-PCAL & 2-Br-4-PCAL
£ © 2-PMet-ABAL £ 12
£ 16 O 3-PMet-ABAL  E
= & 4PMet-ABAL -
£ 12 £ 8
N « ©
s s 4
% 4 £ 2
Q. Q.
@ o0 A . . . S )
0 500 1000 1500 2000 0 500 1000 1500 2000
[S] (umol-I) [S] (mmol-I?)
& 2-PCAL
C Pyridinkarbaldehydy + SIAMADH1 ¢ 3-PCAL D Halogenované PCALy a PPALy + SIAMADH2
& 4-PCAL 12,5 -
= 60 @ 4-PCAL-NO {;
'séﬂ ® 26diC4-PCAL  E o |
& & 2-Br-4-PCAL k] & 2,6-diCl-4-PCAL
= $ < 55 © 2-Br-4-PCAL
< s’ & P2PAL
£ 2 & P3PAL
k) = 2 & P4PAL
© o
© =
[ Q.
a “ o . . .
0 500 1000 1500 0 500 1000 1500
[S] (pmol-I?) [S] (umol-I)
Obr. 12: Saturacni kfivky oxidace vybranych aldehydd — derivatd pyridinu méfrené pfi

koncentraci koenzymu NAD® 0,5 mmol-I*. A: Oxidace halogenderivati 4-PCALu, 3-
pyridinylpropanall a 4-pyridinylmethylaminoaldehydl za katalyzy PsAMADH1. B: Oxidace
pyridinkarbaldehydl  véetné  derivatl katalyzovana PsAMADH?2. C: Oxidace
pyridinkarbaldehyd(i véetné derivatl katalyzovana SIAMADH1. D: Oxidace halogenderivat( 4-
PCALu a 3-pyridinylpropanall za katalyzy SIAMADH2.

Zatimco 2-PCAL, 3-PCAL a 4-PCAL-NO nezpUsobovaly ve vyssich koncentracich inhibici
zadného enzymu, v pfipadé 4-PCAL byla pozorovdna inhibice PsAMADH2 i SIAMADH1
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nadbytkem substratu. RovnéZz oba halogenderivaty 4-PCALu zpUsobovaly inhibici vsech
studovanych enzymu nabytkem substratu (Obr. 12). Jedinou vyjimkou byla oxidace 2,6-diCl-4-
PCALu katalyzovand PsAMADH2, kde byl pozorovan klasicky pribéh dle Michaelise a
Mentenové. V ostatnich pripadech se ¢asto jednalo o masivni inhibici. V pfipadé dvojice 2,6-
diCl-4-PCAL a PsAMADH1 je dokonce inhibi¢ni konstanta K., (204 umolI™") niz$i nez
Michaelisova konstanta K., (379 umol-I™) (Obr. 12, Obr. 13, Tab. 6).

Tab.5: Kinetické parametry oxidace halogenderivati 4-PCALu, 3-pyridinylpropanalll a 4-
pyridinylmethylaminobutanaltl. Méfeno pt¥i koncetraci koenzymu NAD* 0,5 mmol-I'*. N D — pro

pomalou oxidaci pfi [S] = 1,0 mmol-I™ nebyly kinetické parametry méreny.

PsAMADH1 PsAMADH2

Aldehyd

' (umKoni-I'l) (nkat|-/mg'1) V/Km (p.ch:i-I'l) (nkat‘-/mg'l) V/Kn
APAL 455+6,25 728+3,19 1 12,4+£1,2 179+5,1 1
2,6-diCl-4-PCAL  379+90,0 70,7+13,11 0,117 28,2 £0,53 14,8+0,47 0,036
2-Br-4-PCAL 129+0,85 16,9+0,44 0,819 31,8+1,72 3,58+1,717 0,008
P2PAL ND ND ND 171+£10,9 42,3+0,86 0,017
P3PAL 19,3+0,98 10,1+0,09 0,327 87,317,997 21,9+0,82 0,017
PAPAL 21,4+1,10 10,3+0,10 0,301 29,2 + 2,07 69,6 +1,34 0,165
2-PMet-ABAL 49,5+8,60 5,43+0,209 0,069 401 +38,9 25,3+1,01 0,004
3-PMet-ABAL 155+ 25,9 159+1,37 0,064 289+ 16,4 26,9+0,64 0,006
4-PMet-ABAL 51,6+6,10 8,67+0,227 0,105 6796 40,1+2,83 0,004

SIAMADH1 SIAMADH2
Aldehyd K., v K., v
(nmol-I)  (nkat-mg™) V/Kn (umol-I™) (nkat-mg™) V/Kn

APAL 202+3,32 1674122 1 179+1,18 134436 1
2,6-diCl-4-PCAL 162 + 14,8 36,3+£1,43 0,027 47,2+5,03 5,72+0,307 0,016
2-Br-4-PCAL 69,0+7,13 651+2,74 0,113  33,6+6,40 3,51+0,403 0,014
P2PAL 161+12,2 33,1+0,78 0,025 452 +39,5 3,41+0,118 0,001
P3PAL 129+7,1 94,2+2,04 0,088 165+10,7 2,61+0,052 0,002
P4APAL 146 £9,2 67,8+1,79 0,053 340 £ 20,5 14,7 +0,35 0,006
2-PMet-ABAL 390+30,4 51,8+1,73 0,016 1040+ 74 45,8+1,69 0,006
3-PMet-ABAL 294 £ 16,2 75,3+1,59 0,032 988 + 66,7 37,4+£1,30 0,005
4-PMet-ABAL 385+28,9 43,8+1,31 0,014 216 +£14,3 8,67+0,200 0,005
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3-Pyridinylpropanaly jsou velmi dobrymi substraty SIAMADH1, kde bylo v pfipadé P3PAL
dokonce relativni aktivity vys$si nez u APALu. Ostatni enzymy dosdhly nizSich u vSech trfech
substratl vyrazné nizsi relativni aktivity nez SIAMADH1. V pfipadé PSAMADH2 vsak vSechny
aldehydy byly oxidovany s relativni aktivitou vyssi nez 10 %. Relativni aktivita prekonala 10 % i
pfi oxidaci P3PALu a P4PALu katalyzované PsAMADH1 a pfi oxidaci PAPALu katalyzované
SIAMADH2 (Obr. 11).
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Obr. 13: Saturacni krivky oxidace vybranych heterocyklickych aldehydl mérené pfi koncentraci
koenzymu NAD* 0,5 mmol-I™. A: Oxidace 3-pyridinylpropanald a 4-
pyridinylmethylaminobutanall katalyzovana PsAMADH2. B: Oxidace 3-pyridinylpropanald a 4-
pyridinylmethylaminobutanal za katalyzy SIAMADH1. c Oxidace 4-
pyridinylmethylaminobutanald  plsobenim SIAMADH2. D: Oxidace 4-PMet-AAAL a
aldehydovych derivatl purinu a pyrrolopyrimidinu za katalyzy SIAMADH1.

Afinita PSAMADH1 k P3PALu i P4PALu je mnohem vyssi neZ je to v pfipadé PsAMADH?2.
V pfipadé PSAMADH1 se hodnoty K., pohybovaly kolem 20 pmol-I*, zatimco pro PSAMADH2
byly tyto hodnoty minimdlné dvojnasobné a s rostouci vzdalenosti propanalového retézce od
heterocyklického dusiku pyridinu postupné klesaly (K., 171, 87,3 a 29,2 umol-I"', pro P2PAL,
P3PAL a P4PAL). Afinita SIAMADH1 k pyridinylpropanaliim byla pomérné vyrovnana
s hodnotami Km od 125 do 175 umol-I™*. Naproti tomu hodnoty K, pro katalyzu SIAMADH?2 se
navzajem velmi ligily. U P2PAL (K., =452 pmol-I"") a P4PAL (K., = 340 pmol-I"") byla afinita
SIAMADH?2 vyrazné nizsi nez v pfipadé SIAMADH1. V kontrastu k izomerdim pak plsobi afinita
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P3PALu k SIAMADH2 (K., = 165 pmol-I""), ktera je srovnatelna s afinitou k SIAMADH1 (Tab. 5).
Zatimco u P2PALu byl vidy pozorovan klasicky pribéh zavislosti reakéni rychlosti na pocatecni
koncentraci substratu, P3PAL a P4PAL vykazovaly inhibici PSAMADH2 a SIAMADH1 nadbytkem
substratu. PSAMADH1 ani SIAMADH2 nebyly nadbytkem zminénych aldehyd(l inhibovany (Obr.
12, Obr. 13, Tab. 7).

Zatimco N-pyridinylmethyl derivaty APALu nebyly studovanymi AMADH oxidovany, nebo se
jednalo jen o slabsi substraty s relativni aktivitou v rozmezi 10 az 16 % vzhledem k APALu
(SIAMADH1), odpovidajici derivaty ABALu byly oxidovany mnohem lépe. Z derivat(i AAALu byly
testovany jen 2-PMet-AAAL a 4-PMet-AAAL. Zatimco prvni uvedeny nebyl oxidovan Zadnym ze
studovanych enzym(, 4-PMet-AAAL se ukazal jako dobry substrat SIAMADH1 s relativni
aktivitou cca 50 % a slaby substrat PSAMADH2 (relativni aktivita 2 %). Zbyvajici dva enzymy
oxidaci 4-PMet-AAALu nekatalyzuji (Obr. 11).

Tab. 6: Inbibicni konstanta (K) pfi inhibici nadbytkem substratu. Tato inhibice byla

pozorovana jen u nékterych substratd.

K. (rmol-I™)

Aldehyd

PsAMADH1 PsAMADH?2 SIAMADH1 SIAMADH2
4-PCAL X 2870+ 280 1620 + 182 X
2,6-diCl-4-PCAL 204 £48,3 25501410 948 +149,9 856 +134,3
2-Br-4-PCAL 1070 + 141 N. D. 542 +109,1 166 + 45,6
P-3-PAL N. D. 599 +108,9 2010+ 372 N. D.
P-4-PAL N. D. 691 £ 54,6 2170+ 292 N. D.
3-PMet-ABAL 2520 + 662 N. D. N. D. N. D.

Afinita rostlinnych AMADH vUci N-pyridinylmethyl-w-aminoaldehyddm je obvykle nizka
(Obr. 13). S vyjimkou PsAMADH1, kde je afinita zminénych aldehydd k enzymu vyrazné vyssi,
se hodnoty K., pohybuji nad 200 pmol-I"*. V p¥ipadé katalyzy PSAMADH1 byla hodnota K., pro
2-PMet-ABAL a 4-PMet-ABAL kolem 50 pmol-I™ a vyrazné vyssi (155 umol-I™") pro 3-PMet-ABAL.
Nizka hodnota K., ve srovnani s ostatnimi studovanymi AMADH zpUsobila i vysoké relativni
hodnoty V/K... V pfipadé 4-PMet-ABALu byl tento parametr dokonce vyssi nez 0,1. Velmi
vysokymi hodnotami K., se naproti tomu vyznacovala SIAMADH?2 pfti oxidaci 2-PMet-ABALu a 3-
PMet-ABALu, kde bylo dosazeno obdobnych hodnot pfiblizné 1,0 mmol-I™*. Velmi nizka byla i
afinita PSAMADH2 k 4-PMet-ABALu (K., = 679 umol-I%). V ostatnich pfipadech byla hodnota
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K pod 500 pmol-I™ (Tab. 5). Inhibice nadbytkem substratu byla pozorovéna pouze v jednom
pZipadé — pfi oxidaci 3-PMet-ABALu pomoci PsAMADH1 (Obr. 12, Tab. 6).

Purin-6-yl, pyrimidin-2-yl a 7H-pyrrolo[2,3-d]pyrimidin-4yl derivaty AAALu, APALu a ABALu
byly dobfe oxidovany pouze SIAMADH1 (Obr. 14). V ptipadé ostatnich enzym( se bud'
nejednalo o substraty, nebo byly tyto latky jen slabymi substraty zminénych enzyma s relativni
rychlosti nizsi nez 10 %. Vzhledem k nizké relativni aktivité byly u téchto substratd méreny
kinetické parametry témér vyhradné jen u SIAMADH1 (Obr. 13), kde vsak byla pozorovana
relativné nizka afinita enzymu (Tab. 7). Derivaty purin-6-ylu se vazaly do aktivniho mista
SIAMADH1 (hodnoty K;, kolem 400 pmol-I™) 1épe nez derivaty 7H-pyrrolo[2,3-d]pyrimidin-4ylu ,
u kterych hodnota K., presahla 1000 umol-I*). PSAMADH2 méla nizkou aktivitu i vii¢i Pu-AAALuU

(K = 755 pmol-I™). Zadny z téchto aldehydd nezplisoboval inhibici nadbytkem substratu.

100%
O PsAMADH1 B PsAMADH?2

B SIAMADH1 m SIAMADH?2
10% -
1% A |
0% + T
S >

Obr. 14: Substratova specificnost rostlinnych AMADH vG¢i  dalSim  heterocyklickym  Ci

Relativni aktivita vztazena k APALu
(logaritmické méfitko)

aromatickym aldehyd@im. Méfeni probihalo pro [S] = 1,0 mmol-I"* pfi satura¢ni koncentraci
koenzymu NAD* 0,5 mmol-I™. Specificka aktivita pro oxidaci p¥irozeného substratu (APAL) byla

39, 102,53 a 58 nkat-mg'1 pro PsSAMADH1, PsAMADH2, SIAMADH1 a SIAMADH?2.

V pfipadé oxidace brombenzaldehyd(l byla pozorovana obdobna zavislost mezi reakcni
rychlosti a pozici substituce jako v pfipadé halogenderivatd 4-PCALu (Obr. 14). Zatimco 2-Br-
BzAL nebyl substratem studovanych PSAMADH, 3-Br-BzAL a 4-Br-BzAL byly slabymi substraty
vsech ¢tyf AMADH. Hodnoty K., pro oxidaci obou bromderivatl BzALu byly nizké — pod
70 umol-I* (Tab. 7). V pfipadé SIAMADH1 byla dokonce u 4-Br-BzAL K, vyrazné nizsi
hodnota v celém souboru vsech aldehyd(, se kterymi bylo v ramci této prace provadéno

méfeni. Velmi nizkd limitni rychlost (1,27 nkat-mg™) véak vyrazné snizuje pomér V/K., aZ na
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pouhé 4,9 % hodnoty dosazené pro APAL. Z4avislost pocatecni reakéni rychlosti na koncentraci
substratu vykazovala v pfipadé obou téchto bromderivatl BzALu klasickou kfivku ve tvaru

hyperboly dle Michaelise a Mentenové bez jakékoli inhibice nadbytkem substratu.

Tab. 7: Kinetické  parametry oxidace  pyridinkarbaldehyd(, purinylaminoaldehydd,

pyrrolopyrimidinylaminoaldehyd( a brombenzaldehyd(. Méfeni bylo provedeno pfi koncetraci
koenzymu NAD* 0,5 mmolI"". N D — pro pomalou oxidaci pfi [S] = 1,0 mmol-I* nebyly kinetické

parametry méfeny.

PsAMADH2 SIAMADH1

Aldehve (p.mli)"i-l'l) (nkat|-/mg'1) V/Kn (umKoni-I'l) (nkat‘-/mg'l) V/Kn
APAL 12,4+0,87 179+3,7 1 202+3,22 167+121 1

2-PCAL 76,7+5,21 2,100,032 0,002 187 +11,2 17,6 £0,38 0,011
3-PCAL 754+32,4 7,75+0,131 0,001 238 £21,6 51,9+1,73 0,026
4-PCAL 33,2+2,26 2,13+0,041 0,004 1924132 59,1+1,24 0,372
4-PCAL-NO 548+2,66 081+0,012 0,001 356+29,1 29,9+0,91 0,010
4-PMet-AAAL 761+59,4 3,36+0,096 0,0003 238+9,7 34,0+£0,51 0,017
Pu-AAAL 755+55,2 9,63+0,406 0,001 379 22,8 21,1+0,47 0,007
PU-ABAL N. D. N. D. N. D. 482+252  14,2+030 0,004
PyrPm-APAL N. D. N. D. N. D. 1020 £ 69 23,8 £0,85 0,003
PyrPm-ABAL N. D. N. D. N. D. 1250+ 92 64,7 £ 2,87 0,006
3-Br-BzAL 129+0,86 1,16+0,020 0,006 68,7+6,34 2,33+0,073 0,004
4-Br-BzAL N. D. N. D. N. D. 3,19+0,175 1,27+0,042 0,048

V pfipadé oxidace aromatickych aldehyd( obsahujicich dalsi substituci aromatického jadra

je vyraznd zavislost substratovych vlastnosti na pozici substice jev vcelku typicky pro rGzné
ALDH. Napfiklad u lidské jaterni ALDH2 jsou o-methylbenzaldehyd, o-methoxybenzaldehyd ¢i
o-nitrobenzaldehyd horsimi substraty nez jejich m- a p- izomety (Klyosov, 1996). Podobné
ALDH z bakterie Sphingomonas sp. 14DN61 oxiduje |épe m- a p- izomery methylbenzaldehydu,
methoxybenzaldehydu, nitrobenzaldehydu ¢i chlorobenzaldehydu nez pfrislusné o-derivaty.
Neni vSak bez zajimavosti, Ze stejny enzym naopak preferuje o-flourbenzaldehyd a o-

hydroxybenzaldehyd pfed m- a p- izomery (Peng et al., 2005).
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4.1.2 N-acylované w-aminoaldehydy

VSech sedmndct studovanych N-acylovanych w-aminoaldehydd (Obr. 15) véetné N-adipoyl-
APALu (Adip-APAL) bylo shleddno substraty obou PsAMADH. Derivaty APALu byly obecné
lepSimi substraty nez odpovidajici derivaty ABALu. Relativni aktivita PSAMADH1 vztazend
k APALu se v pripadé derivat( APALu pohybovala od 40 do 95 % a v pripadé derivat( ABALu od
23 do 73 %. Hodnoty relativni aktivity PSAMADH2 pro derivaty APALu se pohybovaly mezi 95 a
145 % a sjedinou vyjimkou, jiz byl 2-Met-Propi-APAL, byly pfi koncenttraci substratu
1,0 mmol-I"* oxidovany rychleji nez APAL. Derivaty ABALu byly oxidovény vyrazné pomaleji
s hodnotami relativni aktivity mezi 18 a 45 %. U substratl s linedrnim acylovym fetézcem se
relativni aktivita s rostouci délkou acylového retézce snizuje (Obr. 16).
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R, ... 2-Met-Propi-ABAL R, ... Valer-ABAL R, ... 2,2-diMet-Propi-ABAL " X0 R

Obr. 15: N-acylované w-aminoaldehydy, které byly testovany jakozto substraty obou PsAMADH.

Hodnoty K., se obvykle pohybovaly mezi 100 a 800 umol-I* v pfipadé katalyzy PSAMADH1
(Tab. 8) a pfi oxidaci PSAMADH2 mezi 80 az 600 pmol-I* (Tab. 9). Vyjimku ze zminéného
intervalu tvofi oxidace 2,2-diMet-Propi-ABALu katalyzovana PSAMADH1 (K., = 1420 umol-I™) a
dale oxidace Propi-APALu a Adip-APALu za katylyzy PsAMADH2, kde byly hodnoty K, vyrazné
niz$i (65,1 resp. 39,2 umol-I""). Ve vétsiné pripadt byly hodnoty K., pro derivaty APALu niz$i nez
pro odpovidajici derivaty ABALu (Obr. 17, Obr. 18). Opacné tomu bylo pouze dvakrat — pfi
oxidaci obou propionylderivati PsAMADH1 a pfi oxidaci obou 2-methylbutyrylderivatl
PsAMADH?2. Isoenzym 2 vétSinou vykazoval vétsi afinitu k témto substratiim nez k PSAMADH1.
Zde se vsak objevilo vice vyjimek (Valer-APAL, 2-Met-Propi-APAL, 2,2-diMet-Propi-APAL a 3-
Met-Butyr-ABAL). Nejvyraznéjsi rozdil v afinité byl pozorovan v pfipadé Adip-APALu, kde se
hodnoty K, liSily o jeden fad. Zatimco v pripadé PSAMADH1 se jednalo o druhou nejvyssi K,
hodnotu ze véech derivatd APALu (431 pmol-I™) (Tab. 8), v p¥ipadé PSAMADH?2 to byla hodnota
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evvys

bezkonkurenéné nejnizéi (Km = 39,2 umol-I") (Tab. 9). Butyrylderivaty rovné? vykazaly vyssi

hodnoty K, nez pfislusné izomery — 2-methylpropionylderivaty.
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Obr. 16: Substratovd specificnost rostlinnych AMADH vzhledem N-acyl-w-aminoaldehydim.
Pfirozené substraty jsou zobrazeny svétlejSim odstinem téze barvy. Méreni probihalo pro [S] =
1,0 mmol-I"* pfi saturaéni koncentraci koenzymu NAD' 0,5 mmol-I™. Specificka aktivita pro
oxidaci p¥irozeného substratu pro PSAMADH1 a PSAMADH2 byla 39 a 102 nkat-mg™ (APAL),
popf. 34 a 34 nkat:-mg™ (ABAL). A: Porovnani derivatti APALu. Relativni aktivita PSAMADH1 je
nizsi neZ relativni aktivita PSAMADH2. B: Porovnani derivatd ABALu. Relativni aktivita

PsAMADH1 je nizsi nezZ relativni aktivita PSAMADH2. C: Vzajemné porovnani derivatl APALu a
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ABALu. Derivaty APALu jsou oxidovany rychleji nez derivaty ABALu — podobné jako v pfipadé

samotnych pfirozenych substrata.

Tab. 8: Kinetické parametry oxidace N-acylovanych-w-aminoaldehyd( za katalyzy PSAMADH1.

Méreno pfi koncetraci koenzymu NAD* 0,5 mmol-I™. Pomér V/K., je uveden jako relativni

hodnota vztaZena jak k vysledku pro APAL, tak k vysledku pro ABAL. N. D. —inhibice nadbytkem

substratu nebyla pozorovana.

PsAMADH1

Aldehyd Ko B} v B} V/K.. Kss B

(umol-I”)  (nkat-mg™) (umol-I™)
Prirozené substraty ke srovndni
APAL 71,8+5,75 60,9+2,04 1,000 2,482 2560 + 308
ABAL 153 +15,4 51,6+2,52 0,403 1,000 4750 + 1074
Syntetické substrdty
Ac-APAL 268 +31,3 60,2+3,79 0,268 0,666 2910 + 485
Propi-APAL 492 +23,3 56,6+0,82 0,137 0,341 N. D.
Butyr -APAL 227+32,1 40,1+1,20 0,211 0,524 N. D.
2-Met- Propi -APAL 183+18,0 33,9+1,01 0,221 0,549 N. D.
Valer-APAL 120+11,2 33,6+1,16 0,335 0,830 21700 + 8200
2-Met-Butyr-APAL 366+40,6 47,8+1,53 0,156 0,387 N. D.
3-Met-Butyr-APAL 137+19,9 20,7+0,77 0,353 0,877 N. D.
2,2-diMet-Propi-APAL 266 +31,7 23,5+1,42 0,106 0,262 6510 + 1448
Adip-APAL 431+39,3 17,2+0,89 0,047 0,118 3450 + 441
Ac-ABAL 516 £+41,0 41,5+1,16 0,096 0,238 N. D.
Propi-ABAL 327+14,0 27,5+0,32 0,100 0,249 N. D.
Butyr-ABAL 738+60,0 26,6%0,75 0,043 0,107 N. D.
2-Met-Propi-ABAL 525+65,3 38,7%2,65 0,088 0,219 8140 £ 2032
Valer-ABAL 629+35,1 17,5+0,33 0,033 0,082 N. D.
2-Met-Butyr-ABAL 638+24,8 20,0%0,26 0,037 0,093 N. D.
3-Met-Butyr-ABAL 361+18,1 20,3+0,33 0,059 0,146 N. D.
2,2-diMet-Propi-ABAL  1420+94 53,3+1,39 0,045 0,111 N. D.

Pomér hodnot V/K,, byl u derivatl ABALu vzidy nizsi nez v pfipadé APALu (Tab. 8, Tab. 9).
Pouze ve trech pfipadech byl tento pomér vyssi nez pro oxidaci ptirozeného substratu ABALu.
Jedna se o oxidaci Ac-APALu, Propi-APALu a zejména Adip-APALu, u kterych byl tento parametr
v pripadé katalyzy PSAMADH2 pfiblizné trikrakt vyssi. Oxidace 2-Met-Propi-APALu a 3-Met-
Butyr-APALu pomoci PSAMADH2 vykazuje hodnotu V/K,, srovnatelnou s oxidaci ABALu. Ve
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vSech ostatnich ptipadech se jednd o substrat horSi nez APAL i ABAL. U derivatu APALu byl
parametr V/K,, vidy lepsi nez u prislusného derivatu ABALu. Linearni derivaty jsou z hlediska
tohoto parametru zpravidla horSimi substraty neZz jejich rozvétvené izomery. V pfipadé
rozvétvenych izomer( derivatd s pétiuhlikatym acylem je dvakrat rozvétveny 2,2-
dimethylpropionylderivdat horSim subtratem neZ odpovidajici jedenkrat rozvétveny 3-

methylbutyrylderivat.

Tab. 9: Kinetické parametry oxidace N-acylovanych-w-aminoaldehyd( za katalyzy PSAMADH2.
Méreno pfi koncetraci koenzymu NAD* 0,5 mmol-I™. Pomér V/K., je uveden jako relativni
hodnota vztaZzena jak k vysledku pro APAL, tak k vysledku pro ABAL. N. D. — inhibice nadbytkem

substratu nebyla pozorovana.

PsAMADH2
Aldehyd (um';"i_l.l) V (nkat-mg”) V/Kn (um'(:l_l.l)
Prirozené substrdty ke srovndni
APAL 7,27 £0,46 161+2,5 1,000 17,833 1670 £ 115
ABAL 45,9 + 6,86 57,0 +3,25 0,056 1,000 1840 + 339
Syntetické substrdty
Ac-APAL 109 +21,7 238 £22,9 0,099 1,758 1520 + 321
Propi-APAL 65,1+3,77 132+2,9 0,092 1,633 8400 * 1425
Butyr -APAL 226+9,5 139+1,9 0,028 0,495 N. D.
2-Met- Propi -APAL 93,5+ 2,66 111+0,9 0,054 0,956 N. D.
Valer-APAL 271 + 66,8 188 + 26,6 0,031 0,559 1720+ 511
2-Met-Butyr-APAL 469 £ 33,1 206 +4,7 0,020 0,354 N. D.
3-Met-Butyr-APAL 130+17,0 163 +9,3 0,057 1,010 4620 + 989
2,2-diMet-Propi-APAL 477 £130,0 246 +42,3 0,023 0,415 1930 £ 692
Adip-APAL 39,2+3,99  150+5,22 0,178 3,081 4630 + 936
Ac-ABAL 242 £33,4 48,6 + 3,58 0,009 0,162 3510+ 742
Propi-ABAL 92,7+7,69 27,8 +1,02 0,013 0,230 7870+ 1293
Butyr-ABAL 264 + 34,7 23,8 +0,96 0,004 0,073 N. D.
2-Met-Propi-ABAL 189 + 33,9 69,7 £6,79 0,017 0,297 2210+ 541
Valer-ABAL 304 £ 39,0 33,0+£1,20 0,005 0,087 N. D.
2-Met-Butyr-ABAL 397 £43,3 56,6 £2,19 0,006 0,115 N. D.
3-Met-Butyr-ABAL 531 +113,7 117+ 18,6 0,010 0,177 657 + 157
2,2-diMet-Propi-ABAL 506 = 73,7 99,1 +10,17 0,009 0,158 1470 + 298
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Obr. 17: Saturacni krivky oxidace N-acyl-w-aminoaldehydd pomoci PsAMADH1 mérené pfi

koncentraci koenzymu NAD* 0,5 mmol-I™.

Pouze u Sesti testovanych substratl (Butyr-APAL, 2-Met-Propi-APAL, 2-Met-Butyr-APAL,

Butyr-ABAL, Valer-ABAL a 2-Met-Butyr-ABAL) nebyla pozorovana inhibice substratem ani u

jednoho enzymu. Naproti tomu pét substratli, jménovité Ac-APAL, Valer-APAL, 2,2-diMet-

Propi-APAL, 2-Met-Propi-ABAL a Adip-APAL, inhibovalo ve wvysokych koncentracich oba

enzymy. Zbyvajicich Sest substrati (Propi-APAL, 3-Met-Butyr-APAL, Ac-ABAL, Propi-ABAL, 3-

vvs

Met-Butyr-ABAL a 2,2-diMet-Propi-ABAL) inhibovalo ve wvyssich koncentracich pouze

PsAMADH?2. Inhibice nadbytkem substratu uc¢innd jen vici PSAMADH1 nebyla pozorovana

(Obr. 17, Obr. 18, Tab. 8, Tab. 9).

51



Linedrni derivaty APALu B Linedrni derivaty ABALu

Specificka aktivita (nkat-mg!)
~
191
Specificka aktivita (nkat-mg)
N
o

- . —
50 1A & Ac-APAL “
, @ ABAL ¢ Ac-ABAL
25 & Propi-APAL @ Butyr-APAL 10 © Propi-ABAL & Butyr-ABAL
@ Valer-APAL -

0 4 & Valer-ABAL

é . : . . o0& : . . .

0 500 1000 1500 2000 0 500 1000 1500 2000

[S] (mmol/1) [S] (umol/1)

C D

Rozvétvené derivaty APALU Rozvétvené derivaty ABALu

Specificka aktivita (nkat-mg)
Specificka aktivita (nkat-mg)

20 ¢ APAL @ 2-Met-Propi-APAL X @ ABAL & 2-Met-Propi-ABAL
20 & 2-Met-Butyr-APAL ¢ 3-Met-Butyr-APAL 10 @ 2-Met-Butyr-ABAL ® 3-Met-Butyr-ABAL
& 2,2-diMet-Propi-APAL ¢ 2,2-diMet-Propi-ABAL
0 v T T 1 0 v T T T T T 1
0 1000 2000 3000 0 500 1000 1500 2000 2500 3000
[s] (umol/I) [S] (kmol/I)

Obr. 18: Saturacni krivky oxidace N-acyl-w-aminoaldehydli pomoci PsAMADH2 mérené pfri

koncentraci koenzymu NAD* 0,5 mmol-I™.

4.1.3 Molekulové modelovani

Pro lepsi pochopeni aktivity AMADH vudi jednotlivym aldehyddm a zavislosti efektivity
substratu na strukture v jednotlivych skupinach aldehydi bylo provedeno dokovani vybranych
aldehydd do aktivniho mista PSAMADH2. Jeji krystalova struktura je jiz delsi dobu zndma
(Tylichova et al., 2010) a dostupna v proteinové databazi (PDB kéd 3IWIJ). K prvnim
pocitatovym experimentim byly zvoleny 2,6-diCl-4-PCAL a 3,5-diCI-4-PCAL jakoZto
reprezentanti halogenderivatli aromatickych aldehyd(, kde je patrna zavislost mezi pozici
substituce halogenem a schopnosti enzymu katalyzovat oxidaci daného aldehydu. DalSimi
dokovanymi aldehydy byly 2-PMet-ABAL, 2-PMet-APAL, 4-PMet-ABAL a 4-PMet-APAL, u
kterych byl z hlediska jejich oxidace AMADH prokazan vétsi vyznam délky alifatického retézce
aminoaldehydu neZ pozice substituce pyridinového kruhu (Obr. 19). Posledni skupinu ligandl
tvofily N-acyl-w-aminoaldehydy Ac-APAL, Ac-ABAL, Propi-ABAL, Propi-ABAL, Butyr-APAL, Butyr-
ABAL, Valer-APAL, Valer-ABAL, 3-Met-APAL, 3-Met-ABAL, 2,2-diMet-APAL a 2,2-diMet-ABAL. U
této skupiny byl rovnéz potvrzen velky vyznam délky aminoaldehydu. Naproti tomu délka a
vétveni acylového fetézce ovliviiovalo schopnost obou PsAMADH katalyzovat zminéné
aldehydy daleko méné.

Pyridinovy kruh obou dichlorderivati 4-PCALu se v aktivnim misté nachdzel ve stejné

pozici. Jedinym rozdilem byla jeho orientace, kdy oba pyridinové kruhy byly navzajem
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pootoceny o pfiblizné 45° (Obr. 19). Takova orientace by umoznila v pripadé 2,6-diCl-4-PCALu
interakci aldehydového kysliku nejen s katalytickym Cys294, ale i s Asn162. Naproti tomu
vzddlenost mezi kyslikem 3,5-diCI-4-PCALu a obéma zminénymi residui byly pfilis velka, a tak
by nemélo dojit ke zminéné interakci, jeZz je nutnd pro oxidaci aldehydu na pfislusnou

karboxylovou kyselinu. To bylo ostatné potvrzeno i experimentdlné.
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/ / ] Phe454
/ ] /
/ Asp113 o Trp288
Cys453 /F H &—> l\
g - &
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/ P , <
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- TW163/‘;\> = GInd51
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Glu260 = /T\/ \Ser295
e’ M 16\.“/ §mee e
o Ser295 et ¢
- 3 .- Asn162 ¢ 3=
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Obr. 19: Pocitacovy model interakce vybranych heterocyklickych aldehydi s aktivnim mistem a
substratovym kandlkem PsAMADH?2. A: Pyridinové cykly 2,6-diCl-4-PCALu a 3,5-diCl-4-PCALu se
sice nachazi v témér shodné poloze, ale vzhledem k jejich rozdilné orientaci v aktivnim misté se
karbonylova skupina 3,5-diCl-4-PCALu nachazi pfilis daleko od aktivniho Cys294. B: Poloha
pyridinovych cyklG i dusiku aminoskupiny je v pfipadé 4-PMet-ABALu a 4-PMet-APALu shodna.

Diky delSimu uhlikatému retézci penetruje dostate¢né hluboko jen 4-PMet-ABAL.

V pripadé vsech ¢tyf w-pyridinylmethylaminoaldehyd( byla pozice pyridinového kruhu
témér shodna (Obr. 19). Cyklus se nachdzi v dutiné substratového kanalku mezi vedlejSimi
fetézci Trpl09, Asp110, Aspl13, Leul66, Trp288, Cys453 a Phed54. Rovina cyklu je pfiblizné
kolma na roviny aromatickych cykld Trp109 a Phe454. Uhlik, ze kterého alifaticky fetézec w-
methylaminoaldehydu sméfuje dale do nitra substratového kandlku k aktivnimu mistu, se ve
vSech Ctyfech pfipadech nachazi na shodné pozici. Pyridinovy dusik 2-PMet-APALu i 2-PMet-
ABALu se nachazi na poloroviné smérujici k Cys453, nikoliv na poloroviné sméfujici k Asp110.
V pfipadé 4-PMet-ABALu i 4-PMet-APALu se dusik pyrimidinového cyklu dostdva dostatecné
blizko k Trp109 a Asp113. Rovnéz pozice dusiku sekundarni aminoskupiny byla u jednotlivych
ligand( v podstaté shodna. Tento dusik vytvari iontovou vazbu s kyslikem postranniho retézce
Tyrl63. Zatimco oba derivaty APALu neproniknou se svou aldehydovou skupinou do

dostatecné blizkosti katalytického Cys294 a Asn162, derivaty ABALu, jejichz fetézec je o jeden
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uhlik delsi, penetruji do substratového kandlku dostatecné hluboko, a tak je jejich interakce se

zminénymi katalytickymi residui mnohem snaZsi.

Tab. 10: Pravdépodobnad interakce amidového dusiku a kysliku N-acylovanych substratd (pfip.
dusiku aminoskupiny u referencnich substrat(i APALu a ABALu) s postrannimi retézci
aminokyselin v blizkosti aktivniho mista dle pocitacového modelu véetné volné a dokovaci
energie. Y nterakce pres amidovy dusik/kyslik substratu. 2 APAL a ABAL neobsahuji amidovy

kyslik, jen aminoskupinu, a tak interaguji jen pres dusik.

Pravdépodobna interakce substratu s residui

Energie v blizkosti aktivniho mista

Aldehyd Egock Efree s Tyr163 OH se Ser295 OG s GIn451 OE1

(calmol™) (keabmory FS PIG IS PSS PGS PTG
APAL -4,30 -3,62 - 2 + 2 + 2
ABAL -5,24 -4,20 - 2 + 2 + 2
Ac-APAL -5,60 -4,23 - - + - + +
Propi-APAL -5,43 -3,99 + - - - - -
Butyr-APAL -5,75 -3,83 + - - - - -
Valer-APAL -6,98 -4,60 - + - - - -
3-Met-Butyr-APAL -7,21 -5,15 - - + - + +
2,2-diMet-Propi-APAL -6,38 -4,74 + - - - - -
Adip-APAL -7,73 -4,72 + + - - - -
Ac-ABAL -5,58 -3,93 + - - - - -
Propi-ABAL -6,03 -4,07 - - - - - -
Butyr-ABAL -7,10 -4,80 - + - - - -
Valer-ABAL -7,52 -5,08 + - + - + +
3-Met-Butyr-ABAL -7,56 -5,13 - - - - . -
2,2-diMet-Propi-ABAL -7,19 -5,20 - + - - - -
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Obr. 20: Pocitacovy model interakce vybranych N-acyl-w-aminoaldehyd( s vedlejsimi retézci
aktivniho mista a substratového kanalku PsAMADH2. A: Oba testované (N-2,2-
dimethylpropionyl)aminoaldehydy interaguji s kyslikovym atomem Tyr163. 2,2-diMet-APAL
(hnédé) vytvari vazbu pres svlj dusikovy atom a 2,2-diMet-Propi-ABAL pres amidovy kyslik. B:
Zatimco Ac-ABAL (oranzové) interaguje jen sTyrl63, u Valer-ABALu je moZna interakce
s Tyrl63, Ser295 i GIn451. C: Adip-APAL mUZe interagovat s Tyr163 OH jak pres dusik, tak pres
kyslik. Karboxylova skupina Adip-APALu muZe interagovat s Trp170 i Thr455. Ten je v pripadé
PsAMADH1 (residua v superpozici svétle Zluté) nahrazen lle455, ktery nemize vodikovou

vazbu poskytnout.

U vSech N-acyl-w-aminoaldehydd, které byly dokovény do aktivniho mista PSAMADH?2,
byla pozorovdna moznd interakce aldehydové skupiny s katalytickymi zbytky Cys294 a Asn162
(Obr. 20, Obr. 21). Amidova skupina substratu pak interagovala pres atom dusiku ¢i kysliku se
tremi dalSimi zbytky substratového kanalku - Tyrl63, Ser295 ¢i GIn451. Interakce
s hydroxylovym kyslikem Tyr163 byla castéjsi nez se zbyvajicimi dvéma zbytky (Tab. 10). Pres
amidovy dusik byla pozorovana iontova interakce OH skupiny Tyrl63 s Propi-APALem, Butyr-
APALem, 2,2-diMet-Propi-APALem, Ac-ABALem a Valer-ABALem, zatimco kyslik amidové
skupiny vytvarel interakci s Tyr1630H v pfipadé Valer-APALu, Butyr-APALu a 2,2-diMet-Butyr-
ABALu. V pfipadé Adip-APALu byla pozorovana moznost této interakce jak pres kyslik, tak pres
dusik amidové skupiny. S postrannim kyslikem Ser295 a amidovym kyslikem GIn451 byla
pozorovana interakce jen u tfi nové syntetizovanych derivatQ - Ac-APALu, 3-Met-Butyr-APALu a
Valer-ABALu. Vsechny tyto aminoaldehydy interaguji se Ser2950G pres amidovy dusik, zatimco
s GIn4510E1 je moZna interakce pres dusik i pfes kyslik amidové skupiny. Oba fyziologické
substraty byly rovnéz podrobeny dokovacimu experimentu a jejich koncovy dusik vytvari vazby
se Ser2950G a s GIn4510E1. Karboxylové kysliky Adip-APALu interaguji s indolovym atomem
dusiku Trp170 a hydroxylovym atomem kysliku Thr455. Ten je v pfipadé PSAMADH1 nahrazen

Ile455, ktery iontovou interakci s karboxylovym kyslikem vytvaret nemize (Obr. 21). To je
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pravdépodobnou pfic¢inou velkého rozdilu v afinité Adip-APALuU k obéma isoenzymdm, kdy pfi
katalyze PsSAMADH1 se jednalo o nejslabsi substrat z derivatd APALu a ¢tvrty nejslabsi substrat
ze vsech testovanych acylderivatl dle poméru V/K,, zatimco pfi katalyze PSAMADH?2 je Adip-
APAL bezkonkurencéné nejlepsim substratem z celé testované skupiny a v parametru V/K,

dokonce vyrazné predci i ABAL.
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Obr. 21: Pocitacovy model interakce vybranych N-acyl-w-aminoaldehydl s vedlejsimi retézci
aktivniho mista a substratového kanalku PsAMADH2. Aldehydovy kyslik vSech dokovanych
latek interaguje s amidovym dusikem Asn162 a postrannim dusikem katalytického Cys294. A:
Aminoskupina obou pfirozenych substratl APALu (oranZové) a ABALu (modfie) interaguje jak se
Ser295, tak s GIn451. B: Ac-APAL (oranZové) pravdépodobné interaguje s GIn451, zatimco
Valer-APAL interaguje s Tyr163 a Ser295. C: Oba w-butyrylaminoaldehydy interaguji s Tyr163 —
Butyr-APAL (modie) pres svlj amidovy kyslik a Butyr-ABAL (zelené) pres dusik. D: Zatimco 2,2-
diMet-Propi-APAL (fialové) interaguje sTyrl63, jeho izomer 3-Met-Butyr-APAL (Zluté)
interaguje s GIn451 a Ser295.
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4.2 Imobilizace aminoaldehyddehydrogenasy a jeji vyuziti k detekci
aldehydii v lihovinach

specificnost ze studovanych enzymu. S timto enzymem byla zméfena substratova specificnost
vzhledem k aldehyddm vyskytujicim se v lihovinach. Jako substraty byly testovany i samotné
vzorky lihovin. SIAMADH1 byla nasledné imobilizovand na superparamagnetické nanocastice
z maghemitu a tyto nanocastice byly vyuZity pro tvorbu biosenzoru pouzitelného k detekci
aldehydt v lihovinach. K verifikaci vysledkl ziskanych pti méreni bylo pouZito vysoce ucinné
kapalinové chromatografie na reverzni fazi spredchozi derivatizaci vzorkl 2,4-

dinitrofenylhydrazinem.

4.2.1 Méreni s volnym enzymem
V lihovinach se nejcastéji vyskytuje acetaldedhyd, ktery dosahuje i milimolarnich
koncentraci. Rovnéz dalsi alifatické aldehydy, FurAL a jeho derivaty, BzAL ¢i AkrAL se objevuji

v rliznych druzich lihovin (Nascimeto et al., 1997, Plutowska et al., 2010, Cortés et al., 2011 a

dalsi) (Obr. 22). Proto byla zméfena substratova specificnost SIAMADH1 vicéi témto

aldehydim.
CH,
o}
_O0  HC o) /(CH)/O H3CWO H3C Y a4
H,C” INS H3C 2n H,C
C,AL C,AL C,AL- CAL 2-Met-BAL CH3 3-Met-BAL AkrAL
(Cn+ZAL)
© HiC—° o X0
FurAL Met-FurAL OH-Met-FurAL BzAL

Obr. 22: Aldehydy, jejichz pritomnost v lihovinach byla publikovana nejéastéji.

Z linearnich alifatickych aldehydu je nejlepsim substratem SIAMADH1 CsAL, kde aktivita
SIAMADH1 pro oxidaci substratu o koncetraci 1,0 mmol-I" dosahuje 25 % aktivity p¥i oxidaci
APALu o stejné koncentraci. Témér shodna relativni aktivita byla ziskana pro CsAL (Obr. 23).
V pfipadé aldehyd( s kratSim alifatickym fetézcem realtivni aktivita pfi poklesu poctu uhlikd
prudce klesa. Zatimco C4AL je oxidovan rychlosti odpovidajici 19 % rychlosti oxidace APALu,
CsAL dosahuje reakéni rychlosti odpovidajici 10 %, C,AL 1% a C,AL pouze 0,5 % rychlosti
oxidace APALu. V pfipadé aldehydu s delSim fetézcem rovnéz dochazi k velkému poklesu oproti
CsALu a CsALu, ale rozdil mezi jednotlivymi nasledujicimi aldehydy (C;AL, CsAL a CoAL) neni az

tak vyrazny — relativni aktivita se pohybuje kolem 8 %. Vétvené izomery CsALu jsou z hlediska
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relativni aktivity horSimi substraty nez linarni aldehyd, pficemz 2-Met-BAL (4,4 %) je lepSim

substratem nez 3-Met-BAL (1,6 %).

100% -

10% ~

1% -

Relativni aktivita vztazena k APALu
(logaritmické méfitko)

0% -

Obr. 23: Aldehydy vyskytujici se dle literatury v lihovinach byly testovany jako substraty

SIAMADH1 pfi [S] = 1.0 mmol-I™ a saturaéni koncentraci koenzymu NAD* 0,5 mmol-I™.

Mimo nasycené alifatické aldehydy byl testovan i AkrAL a Ctyfi aromatické aldehydy —
BzAL, FurAL a jeho derivaty Met-FurAL a OH-Met-FurAL. Rovnéz tyto aldehydy jsou substraty
SIAMADH1. Nejvyssi relativni aktivita byla pozorovana v pfipadé BzAL (3,4 %). Z
heterocyklickych aldehyd( obsahujicich jako heteroatom kyslik je nejlepsim substratem FurAL
(1,3 %). Oba jeho derivaty jsou vyrazné horsSimi substraty, ptficemz OH-Met-FurAL hodnotou
relativni rychlosti prevySuje Met-FurAL. RovnéZ AkrAL je vcelku slabym substratem SIAMADH1
s relativni aktivitou odpovidajici pfiblizené 1,3 % aktivity oxidace APALu (Obr. 23).

Pro méreni s redlnymi vzorky bylo ziskdano Sestnact domadcich slivovic z raznych zdroju.
Tyto vzorky byly testovany jako substraty SIAMADH1 pfi prfidavku 50 pl do reakéni smési
(celkovy objem 2 ml). Diky své Siroké substratové specificnosti je SIAMADH1 schopna oxidovat
za zminénych podmineé komponenty vSech testovanych vzorkd lihovin. Relativni aktivita
SIAMADH1 pfi oxidaci jednotlivych vzork( vsak je velmi mald, dosahuje jen 0,1 az 0,8 % aktivity
pfi oxidaci ImM APALu (Obr. 24). Vzhledem k nizké relativni aktivité SIAMADH1 pfi oxidaci
C,ALu (Obr. 23) je tento vysledek ocekavatelny.

ProtoZe relativni aktivita SIAMADH1 pfi oxidaci aldehyd( obsaZenych v jednotlivich
vzorcich lihovin byla nizkd, byl objem jednotlivych lihovin snizen na pfiblizné dvé procenta
plivodniho objemu odpafenim na vakuovém koncentratoru. Takto odparené vzorky, kde Ize

ocekdvat vyssi koncentraci aldehyd(, byly opétovné testovany jako substraty SIAMADH1 pfi
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pridavku 20 ul do reakéni smési. Vysledky se mezi jednotlivymi vzorky liSily daleko vice nez
v pfipadé nezakoncentorvanych lihovin (Obr. 24). Zatimco v pfipadé vzork(i1 ¢. 1, 8,9,10a 12 az
16 je aktivita SIAMADH1 pfi jejich oxidaci nékolikanasobné vyssi, vzorky €. 2, 3, 6 a 7 jsou po
zakoncentrovani oxidovany vyrazné pomaleji. Rozdil v rychlosti oxidace nezakoncentrovanych
a koncentrovanych vzork(l ¢. 4, 5 a 11 nebyl signifikantni. Nejvétsi narlst relativni reakéni
rychlosti byl zaznamenan u vzorku ¢. 15, kde byla reakéni rychlost vyssi pfiblizné o dva rady.
Naproti tomu nejvétsi pokles relativni reakéni rychlosti nastal v pripadé vzork( ¢. 2 a 3, kde
doslo k oxidaci zakoncentrovaného vzorku rychlosti odpovidajici pfiblizné desetiné rychlosti

oxidace puvodniho vzorku. Tyto rozdily jsou pochopitelné dany slozenim aldehydd.
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Obr. 24: Vzorky lihovin byly testovany jako substraty SIAMADH1 pfi saturacni koncentraci
koenzymu NAD* 0,5 mmol-I'". Do reakéni smési o celkovém objemu 2 ml bylo pfiddno 50pl
vzorku lihoviny bez jakékoliv prekoncentrace (¢ervené) nebo 20 ul vzorku, jehoZ objem byl

evaporaci ve vakuu snizen na 2 % plivodniho objemu.

4.2.2 Imobilizace enzymu a tvorba biosenzoru

Pfi imobilizaci SIAMADH1 na povrchovové aktivni nanocastice z maghemitu (Magro et
al., 2012) bylo zachyceno pfriblizné 32,5 ug enzymu na 1 mg nanocastic, coz odpovida navazani
¢tyf molekul na jednu nanocastici. Navazanim enzymu na nanocastice poklesla jeho specificka
aktivita mérena vzhledem k APALu o pocateéni koncentraci 1,0 mmol-I* z59 nkat-mg'1 na
pfiblizné 5,7 nkat-mg™.

Rovnéz oba zakladni kinetické parametry imobilizovaného enzymu jsou horsi nez
v pripadé enzymu volného. Afinita imobilizované SIAMADH1 vzhledem k APALu je tedy vyrazné
nizéi ne? afinita volného enzymu. Hodnota K., vzrostla ze 41 umol-I™ pro volny enzym na
180 pumol-I* v p¥ipadé imobilizovaného enzymu. Souéasné je limitni rychlost imobilizovaného

enzymu daleko nizéi ne? v pripadé volného enzymu. Katalyticka konstanta poklesla z 4,57 s™
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pro volny enzym na 0,5 s u imobilizované SIAMADH1. Pomér k../K,, tudiz poklesl na pfiblizné
1/40 hodnoty volného enzymu (Tab. 11). Na druhou stranu je takto imobilizovany enzym
stabilni a pfi promyvani jeho aktivita neklesa. Podobné je moziné jej skladovat ve zminéném

pufru (Tris-HCI, pH 8,5 s pridavkem KCI) minimalné 6 mésicl bez vlivu na aktivitu SIAMADH1.

Tab. 11: Porovnani kinetickych parametr( SIAMADH1 v pfipadé prace s enzymem, ktery se
nachazi volné v roztoku, a s enzymem imobilizovanym na nanocastice z maghemitu. Méreno

pti saturaéni koncentraci koenzymu NAD* 0,5 mmol-I™.

Km kcat kcat/Km
(umol-I™) (s) (s*mmol™I)
Volny enzym 41,1 4,57 111,2
Imobilizovany enzym 180 0,500 2,78

Biosenzor sestaveny dle schématu uvedeného v ¢asti 3.4 (Obr. 9)byl vyuZit a kalibrovan
pro méfeni linedrni voltametrii. Po pfidavku APALu do cely obsahujici modifikované
nanocastice a probéhnuti reakce byl aplikovan linedrni narust potencidlu mezi pracovni a
Ag/AgCl elektrodou z 0 na +1,2 V pfi rychlosti 2 mV-s. NADH vznikly enzymovou reakci byl
coulometricky detekovdn a jeho koncentrace stanovena v zavislosti na plose vzniklého piku
(vrchol ptiblizné pii 800 mV). Detekéni limit byl stanoven na 25 pmol-I™ a citlivost méfeni na
0,075 +0,0017 uC-pumol™l. P¥i méfeni reprodukovatelnosti pro koncentraci 0,5 mmol-I* byla
pfi trech samostatnych mérenich dosazena relativni odchylka hluboko pod 10 % (Obr. 25).

Po kalibraci bylo pfistoupeno k méreni koncentrace aldehyd(i ve vzorcich slivovic.
Pramérna koncentrace aldehydi ve slivovicich byla stanovena na 1,4 mmol-I*. Vzhledem
k charakteru biosenzoru, ktery je zaloZen na Siroce specifickém enzymu, je moiné s jeho
pomoci stanovit pouze celkovou koncentraci aldehydd a nikoliv podil jednotlivych aldehydu
v mérenych vzorcich.

Sestrojeny biosenzor nevyzaduje Zadnou predupravu vzorku, a tak zde nejsou zvysené
naroky na odbornost obsluhy. Imobilizace na nanocastice v suspenzi vytvari velky povrch
aktivnich mist, a tak je garantovan pribéh reakce v difuznim rezimu. Ve srovnani s dalSimi
metodami instrumentdlni analyzy je tento biosenzor nejen uZivatelsky, ale i cenové nenarocny,

jelikoz nevyzaduje vysoky stupen instrumentace.
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Obr. 25: Voltametrickd kalibrace biosenzoru (Obr. 9) mérfend po pridavku APALu do

elektrochemické cely a probéhnuti chemické reakce.

4.2.3 Vysokoucinna kapalinova chromatografie - srovnavaci méreni

Podkapitola 4.2.3 (str. 61-64) bude zvefejnéna v prabéhu zafi 2015.
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Podkapitola 4.2.3 (str. 61-64) bude zvefejnéna v prabéhu zafi 2015.
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Podkapitola 4.2.3 (str. 61-64) bude zvefejnéna v prabéhu zafri 2015.
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Podkapitola 4.2.3 (str. 61-64) bude zvefejnéna v prabéhu zafi 2015.

5 Zavér

Rostlinné AMADH se vyznacuji velmi Sirokou substratovou specificnosti. Mezi jejich
substraty patfi i heterocyklické aldehydy s obsahem dusiku, benzaldehyd a jeho bromderivaty,
N-acylované aminoaldehydy, alifatické aldehydy ¢i furfural a jeho derivaty. V lihovinach se
velmi ¢asto nachazi pravé alifatické aldehydy a derivaty furfuralu, a tak je mozZné vyuzit
AMADH k jejich detekci. Imobilizovana SIAMADH1 byla pouZita k tvorbé biosenzoru s potfebou
jen malého mnozstvi vzorku pro detekci aldehyd.

VSechny Ctyti studované isoenzymy AMADH oxiduji fadu aromatickych heterocyklickych
vykazuje SIAMADH1. Zatimco PsAMADH1 a 2 jsou zhlediska substratové specifiCnosti
vyrovnané, SIAMADH2 oxiduje nejmesi dil ze studovanych heterocyklickych aldehydd.
Pyridinkarbaldehydy jsou dobrymi substraty SIAMADH1, slabymi substraty obou PsAMADH a
nejsou substraty SIAMADH2. V pfipadé halogenderivatl  4-pyridinkarbaldehydu a
benzaldehydu je schopnost enzymu ptijmout dany aldehyd za sv(j substrat ovlivnéna mnohem
vice pozici substituce nez konkrétnim halovym atomem. Substituce ve vicindlni poloze

vzhledem ke karbaldehydové skupiné vyrazuje dany aldehyd ze seznamu substratli AMADH.
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Pyridinylpropanaly  jsou vesmés dobrymi  substraty vSech AMADH. Oxidace
pyridinylmethylaminoaldehyd( zavisi v mnohem vétsi mife na délce aminoaldehydu neZ na
pozici napojeni fetézce na pyridinovy kruh. Zatimco PMet-ABALy jsou dobrymi substraty vSech
¢ty AMADH, PMet-APALy jsou substraty jen SIAMADH1, kterd je oxiduje pomaleji nez
odpovidajici derivaty ABALu. Pyrimidin-6-ylaminoaldehydy, 9H-puriny-6-ylaminoaldehydy a 7H-
pyrrolo[2.3-d]pyrimidin-4-ylaminoaldehydy byl oxidovdny vesmés jen SIAMADH1.

Oba hrachové isoenzymy AMADH katalyzuji oxidaci vSech testovanych N-acylovanych-w-
aminoaldehydd. Kvalita substratu je daleko vice ovlivnéna délkou zdkladniho uhlikového
fetézce aminoaldehydu neZz délkou ¢i vétvenim acylového fetézce navazaného na dusik
zakladniho aminoaldehydu. Derivaty APALu jsou daleko lepsSim substratem obou PSAMADH nez
pfislusné derivaty ABALu. Derivaty svétvenym acylovym fetézcem jsou vétSinou lepSimi
substraty nez jejich linedrni izomery. Skutecnost, Zze PSAMADH2 katalyzuje velmi dobfe oxidaci
Adip-APALu, naznacuje schopnost AMADH katalyzovat i oxidaci aldehydl, které na svém
fetézci nesou zaporny naboj. Jedna se o prvni experiment ukazujici schopnost rostlinnych
AMADH katalyzovat oxidaci aldehydd nesoucich na svém fetézci zaporny naboj. Vytvari se tak
pfislib zajimavych vysledku v nedaleké budoucnosti.

Alifatické aldehydy, Fur-AL a jeho derivaty, BzAL a AkrAL jakoZto nejcastéjsi zastupci
aldehyd( nachazejici se v lihovinach jsou substraty SIAMADH1, kterd ma ze studovanych
enzymU nejsirsi substratovou specificnost. To umoznuje vyuZiti zminéného enzymu k tvorbé
biosenzoru uréeného pro detekci aldehydl v lihovindch. Komponenty analyzovanych vzork(
lihovin byly shleddny substraty SIAMADH1. Pfi imobilizaci SIAMADH1 na nanocastice
z maghemitu byla aktivita enzymu zachovana v dostate¢né mife pro pouziti pfi tvorbé
biosenzoru. Pfi pfipravé jeho elektrochemické cely bylo s uspéchem vyuzito elektrody
z uhlikové pasty obsahujici nemodifikované nanocastice z maghemitu. Koloidni suspenze
nanocastic s imobilizovanou SIAMADH1 v elektrochemické cele katalyzovala kompletni oxidaci
obsazenych aldehyd( za vzniku odpovidajicitho mnoZstvi NADH, které bylo daném prostredi
coulometricky detekovano s vyuZitim zminéné elektrody. Vysledky dosazené pfi stanoveni
celkové koncentrace aldehyd(l v jednotlivych vzorcich pomoci biosenzoru i referenéni metody
(HPLC na reverzni fazi s predchozi derivatizaci DNPH) jsou ve vzdjemném souladu. Je vsak
nutno zminit, Ze biosenzor mlze poskytnout informaci jen o celkové koncentraci aldehydu ve

vzorku a nikoliv o koncetraci jednotlivych aldehydd.
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Pouzité zkratky

AAAL aminoethanal (aminoacetaldehyd)

ABAL 4-aminobutanal (4-aminobutyraldehyd)
Ac-APAL N-acetyl-3-aminopropanal

ADP adenindifosfat

AGM 1-aminobutylguanidin (agmatin)

AkrAL akrolein

ALDH aldehyddehydrogenasa

AMADH aminoaldehyddehydrogenasa

AP-ABAL 4-[(3-aminopropyl)amino]butanal

APAL 3-aminopropanal (3-aminopropionaldehyd)
AVAL 5-aminopentanal (5-aminovaleraldehyd)
BADH betainaldehyddehydrogenasa

BAL betainaldehyd

BzAL benzaldehyd

C.AL linearni alifaticky aldehyd; n oznacuje délku fetézce (C,AL — formaldehyd atd.)
DAO diaminoxidasa

DAP propan-1,3-diamin (1,3-diaminopropan)

diMet-S-PAL  3-(dimethylsulfonio)propanal

DNPH 2,4-dinitrofenylhydrazin

FurAL furfural (furaldehyd)

GABA kyselina y-aminomaselna (kyselina 4-aminobutanova)
GBAL 4-guanidinobutanal

GPAL 3-guanidinopropanal

K Michaelisova konstanta

2-Met-BAL 2-methylbutanal

3-Met-BAL isovaleraldehyd (3-methylbutanal)
Met-FurAL 5-methylfurfural

MMT methionin S-methyltransferasa (EC 2.1.1.12)
OH-Met-FurAL 5-hydroxymethylfurfural

PAO polyaminoxidasa
PUT butan-1,4-diamin (putrescin)
SPD N-(3‘-aminopropyl)butan-1,4-diamin (spermidin)
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SPM N,N‘-bis-(3’aminopropyl)butan-1,4-diamin (spermin)

triMet-ABAL  4-(trimethylamino)butanal

triMet-APAL  3-(trimethylamino)propanal

v limitni rychlost

Zkratky a vzorce aldehyd( testovanych jako substraty aminoaldehyddehydrogenas jsou

uvedeny na obrazcich v ¢asti vysledky (Obr. 10, Obr. 15, Obr. 22).
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Abstract The metabolic degradation of aldehydes is
catalyzed by oxidoreductases from which aldehyde dehy-
drogenases (EC 1.2.1) comprise nonspecific or substrate-
specific enzymes. The latter subset is represented, e.g., by
NAD™"-dependent aminoaldehyde dehydrogenases (AMA-
DHs; EC 1.2.1.19) oxidizing a group of naturally occurring
w-aminoaldehydes including polyamine oxidation prod-
ucts. Recombinant isoenzymes from pea (PSAMADHI and
2) and tomato (LeAMADHI1 and 2) were subjected to
kinetic measurements with synthetic aldehydes containing
a nitrogenous heterocycle such as pyridinecarbaldehydes
and their halogenated derivatives, (pyridinylmethylamino)-

Chemical names of all synthetic aldehyde compounds are abbreviated
by acronyms (elucidated directly in the text) ending with a suffix AL.
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aldehydes, pyridinyl propanals and aldehydes derived from
purine, 7-deazapurine and pyrimidine to characterize their
substrate specificity and significance of the resulting data
for in vivo reactions. The enzymatic production of the
corresponding carboxylic acids was analyzed by liquid
chromatography coupled to electrospray ionization mass
spectrometry. Although the studied AMADHs are largely
homologous and supposed to have a very similar active site
architecture, significant differences were observed. LeA-
MADHI1 displayed the broadest specificity oxidizing
almost all compounds followed by PSAMADH?2 and 1. In
contrast, LeAMADH?2 accepted only a few compounds as
substrates. Pyridinyl propanals were converted by all iso-
enzymes, usually better than pyridinecarbaldehydes and
aldehydes with fused rings. The K, values for the best
substrates were in the range of 107°—10~* M. Neverthe-
less, the catalytic efficiency values (Vi,.x/Ky,) reached only
a very small fraction of that with 3-aminopropanal (except
for LeAMADHI1 activity with two pyridine-derived com-
pounds). Docking experiments using the crystal structure
of PSAMADH2 were involved to discuss differences in
results with position isomers or alkyl chain homologs.

Keywords Aldehyde - Aminoaldehyde dehydrogenase -
7-Deazapurine - Pyridine - Pyrimidine - Purine

Abbreviations

AMADH Aminoaldehyde dehydrogenase
AEAL 2-Aminoethanal

ABAL 4-Aminobutanal

ALDH Aldehyde dehydrogenase

APAL 3-Aminopropanal

BADH Betaine aldehyde dehydrogenase
LeAMADH Tomato (Lycopersicon esculentum)

aminoaldehyde dehydrogenase
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LC-MS Liquid chromatography coupled to mass
spectrometry

PsAMADH Pea (Pisum sativum) aminoaldehyde
dehydrogenase

Introduction

Aldehydes are highly reactive organic compounds. There
are three groups of enzymes that catalyze their metabolic
oxidation to the corresponding carboxylic acids: aldehyde
dehydrogenases (ALDHs), aldehyde oxidases and xanthine
oxidases (Panoutsopoulos et al. 2004; Marchitti et al.
2009). Currently, the protein superfamily of ALDHs con-
sists of 24 families, from which for example plant enzymes
are represented in 12 families (Kirch et al. 2004; Wood and
Duff 2009). As expected, ALDH genes are found in vir-
tually all genomes analyzed to date, indicating the bio-
logical significance of these enzymes (Vasiliou and Nebert
2005). Members of the ALDH superfamily catalyze the
oxidation of numerous aldehyde substrates (Sophos and
Vasiliou 2003) and use NAD' or NADP"' as electron
acceptors. ALDHs were originally shown to cluster into
two main trunks of the phylogenetic tree (Perozich et al.
1999). The “class 1/2” trunk covers mostly nonspecific
ALDHs including those from ALDHI1 (cytosolic) and
ALDH2 (mitochondrial) families classified under EC
number 1.2.1.3. The second trunk (“class 3”) contains
substrate-specific ALDHs such as benzaldehyde dehydro-
genase (EC 1.2.1.7), betaine aldehyde dehydrogenase
(BADH, EC 1.2.1.8), nonphosphorylating glyceraldehyde
3-phosphate dehydrogenase (EC 1.2.1.9), aminoaldehyde
dehydrogenase (AMADH, EC 1.2.1.19) and antiquitin
(turgor-responsive ALDH, EC 1.2.1.31) (Perozich et al.
1999).

Nonspecific ALDHs (EC 1.2.1.3) convert aliphatic, ali-
cyclic and aromatic aldehydes (Hill and Dickinson 1988;
Klyosov 1996). Human mitochondrial ALDH?2 is involved
in the second step of ethanol metabolism (Farrés et al.
1994). Accordingly, ethanal and propanal represent its
efficient substrates. On the other hand, ethanal can hardly
function as the natural substrate for human cytosolic
ALDHI, since its K,, far exceeds physiological concen-
trations (Klyosov 1996). An increase in aliphatic aldehyde
chain length (up to C10) substantially decreases the K,
values of human ALDH2 and ALDHI1 (Klyosov 1996).
Interestingly, a recombinant ALDH?2 from the plant Crat-
erostigma plantagineum showed highest activity with
nonanal (Kirch et al. 2001). Aromatic aldehydes (benzal-
dehydes, cinnamaldehydes, etc.) and fused polycyclic
aldehydes, as well as derivatives of coumarin, quinoline,
indole, and pyridine were recognized as tight-binding slow-
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turnover substrates for human ALDH2. Surprisingly, many
of these aromatic compounds weakly inhibit ALDHI1
(Klyosov 1996).

Benzaldehyde is also oxidized by a human member of
the cytosolic ALDH3 family (Marchitti et al. 2007). It has
been postulated that ALDH7 gene products are involved in
adaptive metabolic pathways (Kirch et al. 2004). The
human enzyme of this family is expressed in multiple
cellular compartments, where it seems to mediate a pro-
tective role by generating osmolytes (Brocker et al. 2010).
In this way, glycine betaine is formed from betaine alde-
hyde, which is otherwise known as a typical substrate of
BADHs from the ALDH9 family (Chern and Pietruszko
1995). The ability to synthesize and/or accumulate glycine
betaine is a ubiquitous adaptation to osmotic stress (Kirch
et al. 2004). In mammals, ALDH7 is known to play a
primary role in the pipecolic acid pathway of lysine
catabolism catalyzing the oxidative conversion of amino-
adipate semialdehyde to a-aminoadipic acid. Interestingly,
human ALDH?7 is able to oxidize benzaldehyde with a
catalytic efficiency of 15% when compared with that for
aminoadipate semialdehyde (Brocker et al. 2010).

Pea seedling aminoaldehyde dehydrogenase isoenzymes
1 and 2 (PsAMADHI and 2), which belong to the ALDH9
family (according to the novel system by Kirch et al. 2004,
the plant enzymes of this group should be classified within
the ALDHI10 family as well as BADHs), have been shown
to oxidize pyridinecarbaldehydes (PCALs) as less efficient
but still good substrates (Tylichova et al. 2010). Never-
theless, the isoenzymes prefer 3-aminopropanal (APAL),
4-aminobutanal (ABAL) and some other w-aminoalde-
hydes as the best substrates indicating a relationship with
polyamine metabolism (Sebela et al. 2000; Tylichova et al.
2010). In this work, PSAMADHI and PsAMADH?2 toge-
ther with their counterparts from tomato (LeAMADHI1 and
2) were subjected to an extensive study with synthetic
nitrogenous heterocyclic aldehydes including derivatives of
pyridine, purine, 7-deazapurine, pyrimidine plus several
other compounds. Significant substrate specificity differ-
ences were observed among the studied enzymes. With the
exception of LeAMADH?2 that accepts only a few aromatic
aldehydes as substrates, PSAMADHI1 and 2 demonstrated
much broader specificity. LeAMADH1 was found to be
efficient with the heterocyclic aldehydes.

Materials and methods
Enzymes
Recombinant PSAMADHI1 and PsSAMADH?2 were prepared

as described previously (Tylichova et al. 2008, 2010). To
obtain recombinant AMADH isoenzymes from tomato, the
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total RNA from apical meristems and leaves of 7-day-old
tomato seedlings (Lycopersicon esculentum cv. Amateur)
was extracted using a Midi spin columns kit (Macherey-
Nagel, Diiren, Germany). Then the corresponding cDNA
was synthesized using Superscript II reverse transcriptase
(Invitrogen, Carlsbad, CA, USA). LeAMADHI ORF
(1,515 bp; EMBL/GenBank accession no. AY796114)
was amplified with synthetic oligonucleotides containing
restriction sites—highlighted in bold—for BamHI (5'-CA
GGGATCCGGCAAATCGTAATGTACCA-3'; sense pri-
mer) and Xhol (5-CGTCTCGAGCTAATTCTTTGAAG
GTGACTTAT-3'; antisense primer). LeAMADH2 ORF
(1,518 bp; EMBL/GenBank accession no. FJ228482) was
amplified using another set of oligonucleotides containing
either EcoRI restriction site (5'-CATGAATTCGGCGA
TTCCTAATATACGGAT-3’; sense primer), or Kpnl
restriction site (5-AGTGGTACCTTACAGCTTTGAAG
GAGACT-3’; antisense primer). Expression, cell lysis and
enzyme purification were performed as described for
PsAMADHI1 (Tylichova et al. 2008). According to the
actual needs, there was an additional purification step
involving ion-exchange chromatography on a Resource Q
column (GE Healthcare, Uppsala, Sweden) (Tylichova
et al. 2010). Protein identification was done by peptide
mass fingerprinting on a Microflex LRF20 MALDI-TOF
mass spectrometer (Bruker Daltonik, Bremen, Germany)
after SDS-PAGE and tryptic in-gel digestion (Sebela et al.
2006).

Commercial chemicals

Common chemicals and solvents were purchased from
Sigma-Aldrich Chemie (Steinheim, Germany) as well as
starting compounds for chemical syntheses, 3-(methyl-
thio)propanal (Met-S-PAL), 3-(methylthio)butanal and
3-(5-methyl-2-furyl)butanal. The same company provided
2-, 3-and 4-bromobenzaldehyde (2-, 3-, 4-Br-BzAL); 2-,
3- and 4-pyridinecarbaldehyde (2-, 3-, 4-PCAL); 4-pyri-
dinecarbaldehyde N-oxide (4-PCALNO); 2,6-dichloro-4-
pyridinecarbaldehyde (2,6-diCl-4-PCAL); 3,5-dichloro-4-
pyridinecarbaldehyde (3,5-diCl-4-PCAL); 2-bromo-4-pyr-
idinecarbaldehyde (2-Br-4-PCAL) and 3-bromo-4-pyridi-
necarbaldehyde (3-Br-4-PCAL). (2-Pyridinylmethylami-
no)ethanal diethylacetal (2-PMet-AEAL diethylacetal), cat.
no. S414859, and (4-pyridinylmethylamino)ethanal die-
thylacetal (4-PMet-AEAL diethylacetal), cat. no. S364746,
were from Sigma-Aldrich Rare Chemical Library.

Preparation of synthetic compounds

Analytical data to all of the following synthetic compounds
are provided in Supplementary material.

3-(Pyridinyl)-propanals

3-Pyridin-2-yl-propanal (P2PAL), 3-pyridin-3-yl-propanal
(P3PAL) and 3-pyridin-4-yl-propanal (P4PAL) were syn-
thesized according to a published procedure (Mancuso
et al. 1978).

N-(2,2-dimethoxyethyl)-9H-purin-6-amine (Pu-AEAL
dimethylacetal), N-(3,3-diethoxypropyl)-9H-purin-6-amine
(Pu-APAL diethylacetal) and N-(4,4-diethoxybutyl)-9H-
purin-6-amine (Pu-ABAL diethylacetal)

These compounds represent acetals of (9H-purin-6-ylami-
no)-aldehydes, i.e., purine derivatives of 2-aminoethanal
(AEAL), APAL and ABAL. 6-Chloro-9H-purine (229 mg,
1.49 mmol) was dissolved in n-butanol (3 ml) and the cor-
responding dialkoxy-n-alkane-amine (3.0 mmol) was
added. The reaction mixture was refluxed for 1 h (Pu-AEAL
dimethylacetal), 4 h (Pu-APAL diethylacetal) or 9 h (Pu-
ABAL diethylacetal), then evaporated to dryness and ice-
cold water (10 ml) was added. The precipitated material was
collected by suction, washed with ice-cold water and dried.

N-(2,2-dimethoxyethyl)-7H-pyrrolo[2,3-d pyrimidin-4-
amine (PyrPm-AEAL dimethylacetal), N-(3,3-
diethoxypropyl)-7H-pyrrolo[2,3-d [pyrimidin-4-amine
(PyrPm-APAL diethylacetal) and N-(4,4-diethoxybutyl)-
7H-pyrrolo[2,3-d]pyrimidin-4-amine (PyrPm-ABAL
diethylacetal)

These compounds represent acetals of (7H-pyrrolo[2,3-
d]pyrimidin-4-yl)-aldehydes, i.e., 7-deazapurine deriva-
tives of AEAL, APAL and ABAL. 4-Chloro-7H-pyrrol-
0[2,3-d]pyrimidine (114 mg, 0.75 mmol) was dissolved in
ethanol (3 ml) and the corresponding dialkoxy-n-alkane-
amine (1.5 mmol) was added. The reaction mixture was
refluxed for 6 days (PyrPm-AEAL dimethylacetal) or
2 days (PyrPm-APAL and PyrPm-ABAL diethylacetals),
then evaporated to dryness and the resulting residue was
purified using column chromatography (DAVISIL LC60A
40-60 um, toluene:acetonitrile:methanol 5:2:1).

N-(2,2-dimethoxyethyl)pyrimidin-2-amine (Pm-AEAL
dimethylacetal), N-(3,3-diethoxypropyl)pyrimidin-2-amine
(Pm-APAL diethylacetal) and N-(4,4-
diethoxybutyl)pyrimidin-2-amine (Pm-ABAL diethylacetal)

These compounds represent acetals of (pyrimidin-2-yla-
mino)-aldehydes—pyrimidine derivatives of AEAL, APAL
and ABAL. 2-Chloropyrimidine (114 mg, 1 mmol) was
dissolved in n-butanol (2 ml) and the corresponding
dialkoxy-n-alkane-amine (2.0 mmol) was added. The
reaction mixture was refluxed for 3 h (Pm-AEAL
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dimethylacetal) or 2 h (Pm-APAL and Pm-ABAL diethy-
lacetals), then evaporated to dryness and the resulting
residue was purified using column chromatography
(DAVISIL LC60A 40-60 pm, toluene:acetonitrile 5:2).

Acetals of (pyridinylmethylamino)-aldehydes

The synthesis utilized a route adapted from the literature
(Sanchez-Sandoval et al. 2003). For example, diethylacetal
of 3-[(pyridin-2-ylmethyl)amino]propanal (2-PMet-APAL
diethylacetal) was synthesized as follows: 3,3-diethox-
ypropane-1-amine (25 mmol) was dissolved in ethanol
(25 ml). 2-Pyridinecarbaldehyde (26.5 mmol) was added
dropwise to the solution and the resulting mixture was
refluxed for 3 h. After cooling to laboratory temperature,
NaBH, (35 mmol) was slowly added in small portions and
then the mixture was stirred for 16 h. Then distilled water
(50 ml) was added and the resulting solution was extracted
with CH,Cl, (3 x 50 ml). The combined organic layers
were dried (Na,SOy). A yellow liquid product was obtained
after evaporation of the solvent under reduced pressure in a
yield of 88%. Acetals of the other (pyridinylmethylamino)-
aldehydes were prepared by analogous procedures using
the corresponding dialkoxy-n-alkane-amines and pyridin-
ecarbaldehydes as starting compounds.

Instrumental analyses

LC-MS analyses of synthetic aldehyde compounds and
reaction mixtures (after enzymatic oxidation of selected sub-
strates) were carried out on a UHPLC chromatograph Accela
equipped with a photodiode array detector and connected to a
triple quadrupole mass spectrometer TSQ Quantum Access
(both Thermo Scientific, CA, USA). A Nucleodur® C18
Gravity column (1.8 um, 2.1 x 50 mm) was used at a flow
rate of 0.8 ml min™' and thermostated at 30°C (Macherey-
Nagel). Mobile phases were as follows: (A) 10 mM ammo-
nium acetate in water; (B) acetonitrile. There was a linear
gradient from 10 to 80% B in 2.5 min, and then an isocratic
run for 1.5 min. The column was re-equilibrated with 10% of
B for 1 min. The APCI source operated at a discharge current
of 5 nA, a vaporizer temperature of 400°C and a capillary
temperature of 200°C. 'H- and '">C-NMR spectra were
obtained on a Varian UnityPlus (299.89 MHz, 1H) instru-
ment. Measurements were performed at 21°C in DMSO-d, or
chloroform-d solutions and referenced to the resonance signal
of dimethylsulfoxide or chloroform.

Activity assay, kinetic measurements, protein assay
Enzyme activity was measured spectrophotometrically by

monitoring the formation of NADH (&340 = 6,620 M~!
em™ ) at 23°C (Tylichova et al. 2010). The reaction
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mixture in a cuvette contained 0.15 M Tris—HCI buffer, pH
9.0, 0.5 mM NAD"' and an appropriate amount of
AMADH. For measurements of relative oxidation rate, the
enzyme reaction was initiated by the addition of APAL (or
another aldehyde) at a final concentration of 1 mM (Tyl-
ichova et al. 2010); for K, and V,,,, determinations, sub-
strate concentration varied according to needs. Acetals
were converted to aldehydes by adding calculated amount
of 0.4 M HCI just prior to measurements. Absorbance
values were averaged from three independent experiments.
Kinetic data were evaluated using GraphPad Prism 5.0
software. Proteins were determined by Bradford method
(Bradford 1976) and, for the purified enzymes, using the
following extinction coefficients calculated from the
respective monomer amino acid sequences by ProtParam
tool (http://www.expasy.org/tools/protparam.html): PsA-
MADHI (g550 = 82,390 M~! cm™"), PSAMADH2 (£,50 =
90410 M~' cm™"), LeAMADHI (& = 75,860 M~
cm™ ') and LeAMADH?2 (e,50 = 94,880 M~! cm ™).

Docking experiments

The AutoDock 3.0 suite (Morris et al. 1998) was used as a
molecular-docking tool. Semi-flexible protocols were fol-
lowed, in which the target protein (PSAMADH2; PDB
code: 3IWJ) was kept rigid. In contrast, aldehyde ligands
being docked were kept flexible. The graphical user
interface software Triton (Prokop et al. 2008) was
employed to prepare, run, and analyze the docking simu-
lations. Hydrogen atoms were added by WHAT IF (Vriend
1990). For partial atoms charges in the enzyme, the Koll-
man united atom charges were used (Weiner et al. 1984).
All ligands were built in Avogadro 1.0.0 (http:/
avogadro.openmolecules.net/). The geometries of the
ligand structures were optimized using the Hartree—Fock
method with a 6—31G(d) basis set as implemented in the
Gaussian 03 program (Frisch et al. 2004). The electro-static
potential fitting (ESP) charges were calculated, and the
RESP procedure of the Antechamber program from the
AMBER suite was used to generate input files for docking
programs (Case et al. 2005; Pearlman et al. 1995). The
rigid roots of each ligand were picked manually, in all
cases the heterocyclic nitrogen atom was set as a rigid
center. To get more useful results, the aldehyde bond in
halogenated PCALs was made nonrotatable. All rotatable
dihedrals in other ligands were allowed to rotate freely.
Grid maps were calculated by AutoGrid 3.0. from the
AutoDock 3.0 suite. The grid box (60 x 60 x 60 A) was
centered to the substrate channel; grid point spacing was
0.375 A. Docking calculations were carried out using
Lamarckian genetic algorithm and a maximum of 100
conformers was considered for each compound. The pop-
ulation size was set to 50 and the individuals were
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initialized randomly. The maximum number of energy
evaluations was 5 x 10° and the maximum number of
generations was 27,000. One top individual was allowed to
survive the next generation and the mutation and crossover
rates were set to 0.02 and 0.8, respectively. Step sizes were
2 A for translations, 50° for quaternions and 50° for tor-
sions. Cluster tolerance was 0.5 A, external grid energy
1,000.0 and max initial energy 0.0.

Results and discussion
Motivation to this study

This work deals with design, preparation and testing of new
synthetic substrates of plant AMADHs. The enzymes
belong to the superfamily of ALDHs where individual
dimeric or tetrameric proteins share a common overall
folding pattern: each monomeric unit of 50-60 kDa com-
prises a substrate-binding (catalytic) domain, a coenzyme-
binding domain and an oligomerization domain (Gruez
et al. 2004; Tylichova et al. 2010). The active site of plant
AMADHSs, which is located between the coenzyme-bind-
ing and catalytic domains, is accessible via a wide (5—-8 A)
and deep (15 A) funnel passage allowing structurally
diverse aldehydes to penetrate down to the catalytic cys-
teine and bind at this place for the possible catalytic con-
version (Tylichova et al. 2010). That is why an idea came
to mind to study synthetic compounds with heterocyclic
nitrogen atom(s) and an aldehyde group, attached directly
at the heterocycle or situated in a side chain, as potential
substrates. The original motivation stemmed from the
observation that PCALs are oxidized by PsAMADHs
(Tylichova et al. 2010). It is worth mentioning that PCALs
display a structural motif where the nitrogen atom is
positioned toward the aldehyde group at a distance
resembling that in natural w-aminoaldehyde substrates.
The oxidation of 2-, 3- and 4-PCAL by AMADH results in
picolinic, nicotinic and isonicotinic acid, respectively.
These are known as building blocks of more complex
structures, for example tobacco alkaloids, compatible
osmolytes and others (Kaiser et al. 1996; Rhodes and
Hanson 1993). It has been also shown that exogenous
3-PCAL is metabolized to NAD" in mouse (Kaplan et al.
1957). Thus, through the action on nitrogenous heterocy-
clic aldehydes, AMADHs might participate in various
biosynthetic routes.

Experimental setup
Based on their structural features, the studied synthetic

compounds can be divided into a few groups. A majority of
them include a pyridine ring: pyridinecarbaldehydes,

3-(pyridinyl)propanals, (pyridinylmethylamino)-aldehydes,
and halogenderivates of pyridinecarbaldehydes. The other
aldehyde compounds were derivatives of purine, 7-dea-
zapurine or pyrimidine. Finally we also tested several
aldehydes without heterocyclic nitrogen—methylthioalde-
hydes and a methylfurylaldehyde, which formally resemble
natural w-aminoaldehyde substrates of plant AMADHs.
Chemical formulas of selected substances and the corre-
sponding abbreviations are shown in Figs. 1 and 2.
3-(Pyridinyl)propanals were synthesized from 3-(pyrid-
inyl)propanols using the Swern reaction with oxalyl chlo-
ride, dimethyl sulfoxide and triethylamine (Mancuso et al.
1978). Acetals of purine-, 7-deazapurine- and pyrimidine-
derived aldehydes were obtained by a standard nucleophilic
substitution: 6-chloropurine, 6-chloro-7-deazapurine, and
2-chloropyrimidine, respectively, were reacted with
dialkoxy-n-alkane-amines (acetals of C2-C4 w-aminoal-
dehydes) of desired length. Finally, acetals of (pyridi-
nylmethylamino)-aldehydes were synthesized by a
reductive amination from pyridinecarbaldehydes and ace-
tals of C2—-C4 w-aminoaldehydes. All synthetic compounds
were checked for purity (Supplementary material) by
instrumental analysis prior to their testing in enzymatic
reactions. The experimental set of plant AMADHs con-
sisted of pea isoenzymes (PSAMADHI and 2) and tomato
isoenzymes (LeAMADHI1 and 2). Biochemical properties

S R=
| CHO (2-PCAL)
N R CH2CH2CHO (P2PAL)
CHzNHCH2CHO (2-PMet-AEAL) CHO
R
N R= X
| CHO (3-PCAL) |
N CH2CH2CHO (P3PAL) N*
|
&
R R=
= ‘ CHO (4-PCAL) 4-PCALNO
Nao CH2CH2CHO (P4PAL)
CH2NHCH2CHO (4-PMet-AEAL)
CHO CHO CHO CHO
Br
A A A A
N Br N N N
2-Br-4-PCAL 3-Br-4-PCAL 2,6-diCl-4-PCAL 3,5-diCl-4-PCAL
CHO
CHO CHO H/
J) J) NH
HN HN
N
‘ AN ‘ AN AN
Z N N
2-PMet-ABAL 3-PMet-ABAL 4-PMet-ABAL

Fig. 1 Nitrogeneous heterocyclic aldehydes I. Chemical formulas of
the studied pyridine-derived aldehydes were drawn using Accelrys
Draw 4.0
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G
CH2CHO (Pm-AEAL)
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I CH2CH2CH2CHO (Pm-ABAL)

Fig. 2 Nitrogenous heterocyclic aldehydes II. Chemical formulas of
the studied purine-, 7-deazapurine- and pyrimidine-derived aldehydes
were drawn using Accelrys Draw 4.0

of pea AMADHs have already been reported in detail
(Tylichova et al. 2010). LeAMADH]1 and 2 were obtained
by recombinant expression in a parallel project (details on
their biochemical characterization will be published else-
where). Kinetic analysis of the tomato enzymes with natural

substrates indicated a significant difference in substrate
specificity, when LeAMADH2, contrary to LeAMADHI,
preferred markedly APAL to ABAL as the best substrate
(Kopecny et al. unpublished results).

Evaluation of substrate properties of the synthetic
compounds

First attempts to demonstrate substrate properties of the
synthetic compounds relied on measurements of relative
reaction rates at an expected saturating concentration of
1 mM in the reaction mixture. PCALs and PCALNO were
oxidized by PSAMADHs only moderately and no con-
sumption of the compounds was observed with LeA-
MADH2. On the other hand, they were found as very good
substrates of LeAMADH1 with relative rate values
between 28 and 84% of that with APAL as the best natural
substrate (Table 1). 4-PCAL derivatives with 2- and 2,6-
halogen substitution served as good substrates, while
4-PCAL derivatives with 3- or 3,5-halogen substituents
were not oxidized at all. The measured relative rates were
higher for the conversion by PsAMADHI and LeA-
MADHI1 than for the reactions of PSAMADH?2 and LeA-
MADH2. All three3-(pyridinyl)propanals, higher homologs
of PCALs resembling natural w-aminoaldehydes by their

Table 1 Substrate specificity of

PSAMADHS and LeAMADHSs Substrate Relative reaction rate (%)
toward pyridine-derived PsAMADH1 PsAMADH2 LeAMADH]1 LeAMADH?2
aldehydes
Pyridinecarbaldehydes
2-PCAL 1 2 28 -
3-PCAL 1 4 84 -
4-PCAL 3 2 73 -
4-PCALNO - 1 41 -
3-Br-4-PCAL - - - -
3,5-diC1-4-PCAL - - - -
2-Br-4-PCAL 28 3 60 2
2,6-diCl-4-PCAL 52 12 40 6
Activities with substrates at .
1 mM final concentration were 3-(Pyridinyl)propanals®
measured in 0.15 M Tris—HCI P2PAL 3 35 52 4
buffer, pH 9.0, at 23°C. NAD* P3PAL 26 11 127 4
ion in the reaction
mixture wax 0.5 mM. The rae PAPAL 2 . ! o
of APAL oxidation was (Pyridinylmethylamino)-aldehydes
arbitrarily taken as 100%. The 2-PMet-AEAL - - - _
symbol “-” indi?ates no 4-PMet-AEAL _ 2 50 -
;1;bstraltet .propertl:.:s t > PMet-APAL : B 12 _
Do TSR weaan - : 0 —
appear in the range of 1-3% 4-PMet-APAL - - 16 -
* Propanal itself represents a 2-PMet-ABAL 29 25 88 38
weak substrate of PSAMADHs 3-PMet-ABAL 27 25 89 14
(Tylichova et al. 2010) and 4-PMet-ABAL 5 29 85 15

LeAMADHs
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aliphatic chain and the presence of positively charged
nitrogen atom, were found very good substrates. The
highest relative rates of their oxidation were observed with
LeAMADHI. Using this enzyme, the relative reaction rate
with P3PAL was surprisingly higher than with APAL itself.

2-PMet-AEAL was not oxidized at all, but its isomer
4-PMet-AEAL was converted by PSAMADH?2 and partic-
ularly by LeAMADHI1. All three position isomers of PMet-
ABAL were oxidized well by all involved isoenzymes
whereas PMet-APALs were converted only by LeA-
MADHI1 at relative rates of 10-20% toward APAL oxi-
dation (Table 1).

(9H-Purin-6-ylamino)-aldehydes (Pu-AEAL, Pu-APAL
and Pu-ABAL) as well as (7H-pyrrolo[2,3-d]pyrimidin-4-
ylamino)-aldehydes (PyrPm-AEAL, PyrPm-APAL and
PyrPm-ABAL) exhibited diverse substrate properties
(Table 2). LeAMADH?2 did not accept the bicyclic com-
pounds as substrates with the exception of a weak oxida-
tion of Pu-AEAL. In contrast, LeAMADHI1 oxidized all
purinyl and deazapurinyl aminoaldehydes as effective
substrates, only the relative reaction rate for the oxidation
of Pu-APAL was below 10% when compared with the
oxidation of the natural substrate APAL (Table 2).

PsAMADHI1 and 2 showed only restricted substrate pref-
erences toward the purine and deazapurine derivatives.
They slowly oxidized Pu-AEAL and PyrPm-ABAL, PsA-
MADHI1 additionally converted Pu-ABAL. LeAMADH1
oxidized two of the analyzed (pyrimidin-2-ylamino)-alde-
hydes, i.e., Pm-AEAL and Pm-APAL. PsSAMADHI and
PsAMADH2 showed activity only in exceptional cases
(Table 2). Interestingly, Pm-ABAL was not a substrate of
the studied enzymes.

To get further clues to understanding differences in
substrate specificity of plant AMADHs, we also evaluated
substrate properties of aldehydes containing a thioether
group or a heterocyclic oxygen atom as well as the possible
conversion of bromobenzaldehydes (structural analogs of
the halogenated pyridinecarbaldehydes). 3-(Methyl-
thio)propanal, a sulfur-containing analog of the natural
aminoaldehyde substrates, was found the best substrate
from this miscellaneous collection. The highest relative
rate (77%) was observed with LeAMADHI1, the other
isoenzymes provided relative reaction rate values between
10 and 26%. 3-(Methylthio)butanal was oxidized only
negligibly by PSAMADHI1 and LeAMADHI1, 4-(5-meth-
ylfur-2-yl)butanal was not a substrate. From the three

Table 2 Substrate specificity of PSAMADHs and LeAMADHs toward aldehydes derived from purine, 7-deazapurine and pyrimidine and some

other compounds

Substrate Relative reaction rate (%)
PsAMADHI PsAMADH2 LeAMADH1 LeAMADH2

(9H-Purin-6-ylamino)-aldehydes

Pu-AEAL 7 6 30 2

Pu-APAL - - 4 -

Pu-ABAL 3 - 20 -
(7H-Pyrrolo[2,3-d]pyrimidin-4-ylamino)-aldehydes

PyrPm-AEAL - - 10 -

PyrPm-APAL - - 23 -

PyrPm-ABAL 7 8 57 -
(Pyrimidin-2-ylamino)-aldehydes

Pm-AEAL - 3 10 -

Pm-APAL 2 - 7 -

Pm-ABAL - - - -
Bromobenzaldehydes®

2-Br-BzAL - - -

3-Br-BzAL 0.7 1.2 4 1

4-Br-BzAL 0.2 0.3 3 -
Methylthioaldehydes

Met-S-PAL 26 19 77 10

Met-S-BAL 1 - 2 -

Activities with substrates at 1 mM final concentration were measured in 0.15 M Tris—HCI buffer, pH 9.0, at 23°C. NAD" concentration in the
reaction mixture was 0.5 mM. The rate of APAL oxidation was arbitrarily taken as 100%. The symbol “—"indicates no substrate properties

* Benzaldehyde itself is not oxidized at all by PSAMADH isoenzymes (Tylichova et al. 2010). In the case of LeAMADH?2, zero activity was
measured as well. Only LeAMADHI1 accepts benzaldehyde as a weak substrate (the relative reaction rate toward APAL conversion is 3.4%)
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isomers of bromobenzaldehyde, 3-Br-BzAL and 4-Br-
BzalL were only moderately oxidized by LeAMADHI
(Table 2).

Determination of kinetic parameters K, and V.«

For those substrates which were oxidized with relative
rates reaching several per cents of that with APAL as a
natural reference substrate, the fundamental Kkinetic
parameters K, and V,,,x were determined. As LeAMADH2
oxidized only a limited amount of the studied compounds
and PsAMADHI1 resembled the observed substrate pref-
erence of PSAMADH?2 in a majority of reactions, the
kinetic parameters were determined especially with PsA-
MADH?2 and LeAMADHI1 (only some supplementary K,
and V... data were measured with PSAMADHI1 and
LeAMADH?2). In the case of LeAMADHI1, the measured
Vmax Values reached from 10 to 60% of that with APAL as
a reference substrate with the exception of Br-BzALs
(around 1%); for PSAMADH?2 it was from 5 to 40% except
for 3-Br-BzAL, a majority of PCALs and 4-PMet-AEAL
(all around 1%); see Table 3.

As regards to pyridine-derived aldehydes, the observed
K., values of PSAMADH?2 (usually <100 pM) were mostly
lower than their counterparts measured with LeAMADHI,

or comparable (Table 3). Interestingly, in the case of
3-PCAL, 4-PMet-AEAL and 4-PMet-ABAL, the measured
K., values were of about 0.7 Mm, i.e., higher than those of
LeAMADHI1 (0.2-0.4 mM). On the other hand, the K
values of LeAMADHI1 generally appeared on the level of
0.1 mM except for those referring to the oxidation of
4-PCAL (19 uM) and 2-Br-4-PCAL (69 pM). In the first
case, the K, value was lower than the corresponding result
with PSAMADH?2 (Table 4).

In the case of PSAMADHI1, we obtained relatively low
K., values of about 20 uM for both 3-PCAL and 4-PCAL.
The K., and V,,,x values (in parentheses) of PSAMADHI1
for 2,6-diCl-4-PCAL and 2-Br-4-PCAL were 87 uM
(24 nmol s™! mg_l) and 12 pM (17 nmol s~ mg_l),
respectively. It is worth mentioning that the ratio Vi,,x/Kp,
for 2-Br-4-PCAL and PsAMADHI1 resembled that for the
natural substrate APAL. The K,,, values of LeAMADH?2 for
PCALs were between 150 and 350 uM. For 2,6-diCl-4-
PCAL and 2-Br-4-PCAL, lower values of 38 and 25 puM,
respectively, were measured. The binding of the position
isomers of PMet-ABAL to LeAMADH]1 and PsAMADH2
was reflected in relatively high K, values of 0.2-0.8 mM.
A very low K, value of 3.2 uM of LeAMADHI1 was
determined for the oxidation of 4-Br-BzAL (Table 4). In
the case of the oxidation of bicyclic aldehydes by

Table 3 Kinetic parameters of PSAMADH?2 and LeAMADHI for the oxidation of pyridine-derived aldehydes

Substrate PsAMADH2 LeAMADHI1
K Vinax Vinax/Kim K Vinax Vinax/Kim
Reference substrate
APAL 12+ 1.2 179 £ 5.1 1 20 £ 3.3 167 £ 12.2 1
Pyridinecarbaldehydes
2-PCAL 77 £52 2.1 £0.03 0.002 187 £ 11.2 18 £ 04 0.012
3-PCAL 754 + 32.4 7.8 £0.13 0.001 238 + 21.6 52 +£ 1.7 0.026
4-PCAL 33+£23 2.1 £0.04 0.004 19+ 1.3 59 £1.2 0.372
4-PCALNO 55 £ 3.1 0.8 £ 0.01 0.001 356 + 29.1 30 £ 0.9 0.010
2,6-diCl-4-PCAL 28 £ 0.5 15+ 0.5 0.036 162 + 14.8 36 £ 14 0.027
2-Br-4-PCAL 32+ 1.7 3.6 £1.72 0.008 69 £ 7.1 65 + 2.7 0.113
3-(Pyridinyl)propanals
P2PAL 171 £ 10.9 42 £ 0.9 0.016 161 £ 12.2 33+£08 0.025
P3PAL 87 £ 8.0 22 £ 0.8 0.017 129 £ 7.1 94 £20 0.087
P4APAL 29 +£ 2.1 70 £ 1.3 0.162 146 + 9.2 68 + 1.8 0.056
(Pyridinylmethylamino)-aldehydes
4-PMet-AEAL 761 + 59.4 3.4+ 0.10 0.0003 238 + 9.7 34 £ 05 0.017
2-PMet-ABAL 401 + 389 25+ 1.0 0.004 390 + 30.4 52 +£ 1.7 0.016
3-PMet-ABAL 289 + 16.4 27 £ 0.6 0.006 294 £+ 16.2 75 £ 1.6 0.031
4-PMet-ABAL 679 £ 69.3 40 £ 2.8 0.004 385 £ 28.9 44 +£13 0.014

Activities were measured in 0.15 M Tris—HCI buffer, pH 9.0, at 23°C. A saturating NAD™" concentration of 0.5 mM was used. Ky, and Vi

values (shown in tM and nmol s~ mg™'

, respectively) were calculated from the Lineweaver—Burk and Eadie—Scatchard plots of initial rates as

arithmetic means of values from both plots. V,,../K,, ratios are provided as relative values toward that for APAL, which was set arbitrarily equal

to 1
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Table 4 Kinetic parameters of PSAMADH?2 and LeAMADHI1 for the oxidation of some other substrates

Substrate PsAMADH2 LeAMADHI1
Ko Vinax Vinax/Kim Ko Vinax Vinax/Km

Reference substrate

APAL 12+ 1.2 179 £ 5.1 20 £33 167 £ 12.2 1
Bromobenzaldehydes

3-Br-BzAL 13 £ 0.9 1.16 £ 0.020 0.006 69 + 6.3 23+ 0.07 0.004

4-Br-BzAL ND ND ND 32 £0.18 1.3 £ 0.04 0.049
Purine- and 7-deazapurine-derived aldehydes

Pu-AEAL 755 £ 552 9.6 £ 04 0.0009 379 £ 22.8 21 £ 05 0.007

Pu-ABAL ND ND ND 482 £25.2 14 +03 0.004

PyrPm-APAL ND ND ND 1,023 £+ 68.9 24 + 0.8 0.003

PyrPm-ABAL ND ND ND 1,245 £ 92.1 65 £ 29 0.006
Methylthioaldehydes

Met-S-PAL 44 £ 34 21 £ 04 0.032 29 £ 1.2 43 £ 04 0.178

Activities were measured in 0.15 M Tris—HCI buffer, pH 9.0, at 23°C. A saturating NAD™" concentration of 0.5 mM was used. Ky, and Vi

values (shown in uM and nmol s~' mg™"', respectively) were calculated from the Lineweaver—Burk and Eadie-Scatchard plots of initial rates as
arithmetic means of values from both plots. V,,../K, ratios are provided as relative values toward that for APAL, which was set arbitrarily equal
to 1. The abbreviation ND stands for “not determined” and refers to those cases, where activity was too low to measure the kinetic parameters

LeAMADHI, the K, values were around 400 uM for
purine-derived aldehydes and over 1 mM for 7-deazapu-
rine-derived aldehydes. PsAMADHI1 oxidized PyrPm-
ABAL with a K, value of 280 uM and PsAMADH?2
oxidized Pu-AEAL providing a K, value of 755 pM.
3-Methylthiopropanal was oxidized by all four studied
AMADH isoenzymes providing K, values between 10 and
50 uM. The highest value of 44 uM was determined for its
oxidation by PSAMADH?2, for LeAMADHI the K, value was
29 uM (Table 4). The V,.x/K;, ratios presented in Tables 3
and 4 clearly show that only some pyridine-derived aldehydes
can be considered good substrates of pea and tomato AMA-
DHs. The other oxidized compounds should be referred to as
weak substrates. Examples of V., and K, determination
from the measured data are provided in Fig. 3.

Analysis of the reaction mixture by LC-MS

During oxidation of an w-aminoaldehyde substrate in
AMADH reaction, the release of the corresponding w-
amino acid is accompanied by the formation of NADH.
There are two ways for analyzing the possible substrate
properties of an aldehyde compound toward AMADH. In
the above text, the described kinetic parameters were
measured by monitoring the changes in NADH absorption
at 340 nm (the well-known optical test for NAD"-depen-
dent dehydrogenases by Warburg and Christian 1943). The
second possibility is based on a direct measurement of
carboxylic acid in the reaction mixture, which appears as a
product along with NADH. Due to its unparalleled speed,
sensitivity, specificity and ease of use, mass spectrometry
has emerged as a powerful tool for identifying organic

compounds (Crews et al. 2010). Solutions of the studied
aldehydes made in a mass-spectrometry compatible buffer
(ammonium bicarbonate) were incubated with the enzyme
and then subjected to ultrafiltration (10-kDa-cutoff Mi-
crocon centrifugation cartridges by Millipore, Bedford,
MA, USA) for obtaining a protein-free filtrate. The filtrate
was then separated by LC-MS (see “Materials and meth-
ods” for details). Pyridinecarboxylates were previously
demonstrated as products in the individual reaction mix-
tures of PSAMADH2 and the three position isomers of
pyridinecarbaldehydes. In that case, however, no separa-
tion was involved and the samples were directly introduced
into the mass spectrometer (Tylichova et al. 2010). Fig-
ure 4 shows the LC-MS analysis of the reaction mixture of
LeAMADH! and Pu-ABAL. 4-(9H-Purin-6-ylamino)-
butyric acid was eluted at 0.98 min (mm/z 222 and m/z 204—
neutral loss of water; [M+H] ") in contrast to the aldehyde
at 2.23 min (m/z 206, not shown; [M+H]™). (Pyridinylm-
ethyl)-aminobutyric acids (m/z 195 and m/z 177—neutral
loss of water; [M+H] ") were demonstrated as products of
the enzymatic oxidation of PMet-ABALs. 2,6-diCl-4-
PCAL was oxidized to 2,6-dichloroisonicotinic acid (m/
z 193; [M+H]"). Similarly, the expected oxidation prod-
ucts of Met-S-PAL, P3PAL, Pu-AEAL and PyrPm-ABAL
were detected by peaks with m/z 121, 152, 194 and 221,
respectively.

Docking of substrates into the active site
of PSAMADH?2

As there is the crystal structure of PSAMADH?2 available
(Tylichova et al. 2010), docking experiments were
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Fig. 3 Substrate properties of the studied compounds. There are
selected saturation curves from kinetic measurements shown with the
corresponding Lineveaver—Burk plots (in the insets); symbols on
axes: v, initial velocity; [S], substrate concentration. Enzyme activity
was assayed spectrophotometrically by monitoring the formation of
NADH at 23°C. The reaction proceeded in 0.15 M Tris—HCI buffer,

involved to look closer at the interactions of PSAMADH?2
and halogenated 4-pyridinecarbaldehydes or (pyridinylm-
ethylamino)-aldehydes. The kinetic results obtained with
these compounds revealed significant differences related to
the position of the halogen substituent and the length and
position of the aldehyde side chain, respectively, at the
pyridine ring. Only 2- or 2,6-halogen derivatives of
4-PCAL were found substrates of the studied enzymes,
whereas the corresponding 3- or 3,5-halogen derivatives
were not oxidized at all. Figure 5 shows the docking results
for 2,6-diCl-4-PCAL and 3,5-diCl-4-PCAL. The simulated
binding provided a rotated position of the pyridine ring in
3,5-diCI-4-PCAL toward that of 2,6-diCl-4-PCAL. In
consequence, the distance between the carbon atom in the
ligand carbonyl group and Cys 294 sulfur increased from
3.6 A in the case of 2,6-diCl-4-PCAL to 4.9 A in the case
of 3,5-diCl-4-PCAL. A comparison of the docking results
for 4-PMet-ABAL, 2-PMet-ABAL, 4-PMet-APAL and
2-PMet-APAL indicated a similar binding simulation with
the carbonyl group guided to the catalytic Cys294 of
PsAMADH?2 (Fig. 6). The distance between the carbon
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pH 9.0: a oxidation of 3-(methylthio)propanal (Met-S-PAL) by
PsAMADHI; b oxidation of 4-[(pyridin-3-ylmethyl)amino]butanal
(3-PMet-ABAL) by PsAMADH?2; ¢ oxidation of 4-bromobenzalde-
hyde (4-Br-BzAL) by LeAMADHI1; d oxidation of 3-pyridin-2-yl-
propanal (P2PAL) by LeAMADH?2

atom in the ligand carbonyl group and Cys 294 sulfur
increased from 3.8 A in the case of both PMet-ABALS to
5.0 and 5.1 A in the case of 2-PMet-APAL and 4-PMet-
APAL, respectively. The docking studies demonstrated that
despite binding of a pyridine-derived aldehyde compound
at the active site, substituents on the heterocycle and the
length of the attached aliphatic chain carrying the aldehyde
group may result in a binding mode which obstructs the
productive interaction with the catalytic thiol.

Structural clues to substrate specificity of plant AMA-
DHs have recently been investigated using site-directed
mutagenesis (Kopecny et al. 2011). The enzymes possess a
substrate channel with acidic amino acid residues at the
entrance and aromatic amino acid residues in the interior
(Tylichova et al. 2010). The acidic residues are essential
for both the activity and affinity of the enzymes to w-
aminoaldehydes: PSAMADH?2 turns into a nonspecific
aldehyde dehydrogenase with capronaldehyde as the best
substrate upon triple mutation E106A+D110A+DI113A.
The aromatic residues (Y163, W170 and W288 in PsA-
MADH?2) contribute to an appropriate orientation of the
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Fig. 4 LC-MS of the reaction mixture containing LeAMADHI1 and
4-(9H-purin-6-ylamino)butanal (Pu-ABAL). The reaction mixture in
a total volume of 2 ml contained 100 mM NH4HCO;, 1.5 mM
NAD™, | mM substrate and 100 g of recombinant LeAMADHI. On
mixing the components, it was incubated overnight at 23°C. Main
panel liquid chromatographic separation of the reaction mixture on a
Nucleodur® C18 Gravity column. Inset a mass spectrum of the
fraction eluted in the retention time interval 0.95-1.07 min with two
dominants peaks—m/z 222 refers to a pseudomolecular ion [M+H]"
of 4-(9H-purin-6-ylamino)butyric acid, m/z 204 then indicates a
neutral loss of water from the compound. The fraction eluted in the
retention time interval 2.21-2.27 min provided a mass spectrum
consistent with unreacted 4-(9H-purin-6-ylamino)butanal, i.e., Pu-
ABAL (a pseudomolecular ion with m/z 206; not shown)

substrate toward the catalytic cysteine (Kopecny et al.
2011). The residue W109 in PsSAMADH2, which divides
the upper funnel-shaped domain of the substrate channel
into two halves (Tylichova et al. 2010), is replaced by
alanine in PsSAMADH1 and LeAMADHI1 and serine in
LeAMADH?2. Such a substitution does not influence
kinetic properties as demonstrated by measurements with
WI109A mutant of PSAMADH2 (Kopeény et al. 2011).
However, when it is accompanied by an additional sub-
stitution of W288 to A288 like in the case of LeAMADHI,
the substrate channel becomes larger and thus more
accessible for bulkier substrates (e.g., purine- and 7-dea-
zapurine-derived aldehydes described in this study). The
presence of F288 instead of W288 in PsAMADHI
increases the cavity diameter to a smaller extent. In con-
sequence, the difference in substrate specificity between
PsAMADHI1 and PsSAMADH?2 is less pronounced than that
between PSAMADH?2 and LeAMADHI.

Conclusions
AMADHs have long been known as enzymes that oxidize

w-aminoaldehydes. However, recently published studies
have shown that they appear to have rather broad substrate

‘\ ; E106

D110 /W109 T -

w170 : Lszss

Fig. 5 Docking of dichloro-pyridinecarbaldehydes into the active
site of PSAMADH?2. The docked molecules of 2,6-dichloropyridine-4-
pyridinecarbaldehyde (2,6-diCl-4-PCAL) and 3,5-dichloro-4-pyridi-
necarbaldehyde (3,5-diC1-4-PCAL) are superposed for comparison.
Carbon atoms of 2,6-diCl-4-PCAL and 3,5-diCl-4-PCAL are colored
in turquoise blue and magenta, respectively, oxygen atoms are in red,
nitrogen atoms in blue and chlorine atoms in green. Active-site
residues of PSAMADH2 (PDB: 3IWJ) are labeled and depicted in
atom-coded colors. Black arrows indicate the calculated distance
between the carbon atom in the ligand carbonyl group and sulfur atom
of the catalytic C294, which is 3.6 and 4.9 A for 2,6-diCl1-4-PCAL
and 3,5-diCl-4-PCAL, respectively. Substrate channel surface was
calculated using Hollow (Ho and Gruswitz 2008). Docking was
performed using Autodock 3.0 (Morris et al. 1998); structures were
drawn by PyMOL 1.2 (DeLano 2002) (color figure online)

specificity including also aldehydes with n-alkyl chains as
well as certain nitrogenous heterocyclic aldehydes (Gruez
et al. 2004; Tylichova et al. 2010). We provide further
evidence to support the knowledge of less-specific char-
acter of the enzymes. There are four main findings that
result from the present study. Firstly, plant AMADHSs are
able to oxidize aldehydes derived from pyridine, purine,
7-deazapurine and pyrimidine. In addition, some halog-
enderivatives of pyridinecarbaldehydes are also converted.
When compared with the conversion of aromatic and aro-
matic heterocyclic aldehydes by human mitochondrial
ALDH?2 (Klyosov 1996), their binding at the active site is
much weaker as documented by the results of experimental
determination of Michaelis constants. For example, the
affinity of human ALDH?2 to 3-PCAL is characterized by a
K., value of 2 uM, whereas PSAMADH?2 and LeAMADHI1
shows K, values higher by one or two orders of magnitude.
Based on the determined catalytic efficiency values, only a
very few compounds from the studied collection can be
considered good substrates. Secondly, due to their rela-
tively high K, values (in comparison with the
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Fig. 6 Docking of (pyridinylmethylamino)-aldehydes into the active
sitt. of PSAMADH2. a Superposition of 4-[(pyridin-4-ylmethyl)
amino]butanal ~ (4-PMet-ABAL) and  3-[(pyridin-4-ylmethyl)
amino]propanal (4-PMet-APAL) docked into the active site of
PsAMADH2 (PDB: 3IWIJ). Carbon atoms of 4-PMet-ABAL and
4-PMet-APAL are colored in magenta and green, respectively,
oxygens are in red, nitrogens in blue and hydrogens in light gray.
Active-site residues of PSAMADH?2 are labeled and depicted in atom-
coded colors. Dashed lines indicate possible hydrogen bonding

physiological substrate APAL), nitrogenous heterocyclic
compounds probably cannot represent substrates under in
vivo conditions, nevertheless they might be efficiently
converted at high concentration levels contributing in this
way to the detoxifying role of AMADHs in the cell.
Thirdly, substrate properties toward plant AMADHs of
nitrogenous heterocyclic aldehydes are significantly
dependent on the ring substitution pattern or the length of
the aldehyde side chain. It has been described that o-
benzaldehydes and 2-substituted naphthaldehydes are
worse substrates of human ALDH?2 than their isomers with
a substitution at more distant positions toward the aldehyde
group (Klyosov 1996). Similar observations were made
also in this work, e.g., for 4-PCAL derivatives with halo-
gen atom substitutions. Finally, we demonstrated that plant
AMADH isoenzymes may show a big divergence with
respect to their substrate specificity. This is not surprising
for an interspecific comparison of AMADHs like in the
case of pea and tomato but surprises at the level of a single
species (e.g., LeAMADHI1 vs. LeAMADH?2). Such diver-
sity might be helpful for selecting proper isoenzyme can-
didates applicable to organic synthesis or as a
biorecognition element in analytical devices (e.g., biosen-
sors for the determination of aminoaldehydes and alde-
hydes in food, drinks and other biological samples). In
plant biotechnology, transgenic plants overexpressing
aldehyde dehydrogenase genes are studied with the aim of
improving stress tolerance by metabolizing toxic aldehydes
(Sunkar et al. 2003).

@ Springer

0294

interactions. The calculated distance between the carbon atom in the
ligand carbonyl group and sulfur atom of the catalytic C294 (black
arrow) is 3.8 and 5.1 A for 4-PMet-ABAL and 4-PMet-APAL,
respectively. b A superposition of the docked molecules (see from the
top to the bottom with respect to the pyridine ring): 4-PMet-APAL
(green), 4-PMet-ABAL (magenta), 2-PMet-ABAL (gray) and
2-PMet-APAL (light brown). Docking was performed using Auto-
dock 3.0 (Morris et al. 1998); structures were drawn by PyMOL 1.2
(DeLano 2002) (color figure online)
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Abstract

Plant aminoaldehyde dehydrogenases (AMADHs, EC 1.2.1.19) belong to the family 10 of aldehyde
dehydrogenases and participate in the metabolism of compounds related to amino acids such as
polyamines or osmoprotectants. Their broad specificity covers w-aminoaldehydes, aliphatic and
aromatic aldehydes as well as nitrogen-containing heterocyclic aldehydes. The substrate preference
of plant AMADHs is determined by the presence of aspartic acid and aromatic residues in the
substrate channel. In this work, 15 new N-acyl derivates of 3-aminopropanal (APAL) and 4-
aminobutanal (ABAL) were synthesized and confirmed as substrates of two pea AMADH isoenzymes
(PSAMADH 1 and 2). The compounds were designed considering the previously demonstrated
conversion of N-acetyl derivatives as well as substrate channel dimensions (5-8 A x 14 A). The acyl
chain length and its branching were found less significant for substrate properties than the length of
the initial natural substrate. In general, APAL derivatives were found more efficient than the
corresponding ABAL derivatives because of the prevailing higher conversion rates and lower K,
values. Differences in enzymatic performance between the two isoenzymes corresponded in part to
their preferences to APAL to ABAL. The higher PSAMADH?2 affinity to substrates correlated with more
frequent occurrence of an excess substrate inhibition. Molecular docking indicated the possible
auxiliary role of Tyr163, Ser295 and GIn451 in binding of the new substrates. The only derivative
carrying a free carboxyl group (N-adipoyl APAL) was surprisingly better substrate than ABAL in
PsAMADH2 reaction indicating that also negatively charged aldehydes might be good substrates for

ALDH10 family.



Introduction

Aldehyde dehydrogenases (ALDHs) constitute a superfamily of oxidoreductive enzymes. ALDH10
family members in plants are aminoaldehyde dehydrogenases (AMADHs) and oxidize w-
aminoaldehydes to the corresponding amino acids using NAD(P)" as a coenzyme (Brocker et al.,
2013). Because of their broad substrate specificity, the enzymes used to be named 4-
aminobutyraldehyde dehydrogenases (ABALDHs, EC 1.2.1.19), 4-guanidinobutyraldehyde
dehydrogenases (GBALDHSs, EC 1.2.1.54) and betaine aldehyde dehydrogenases (BADHs, EC 1.2.1.8).
There are several crystal structures of plant ALDH10 enzymes available (Tylichova et al., 2010; Diaz-
Sanchez et al., 2012; Kopecny et al., 2013). The enzymes exist as homodimers with a typical ALDH
subunit fold comprising a catalytic domain, a coenzyme-binding domain and an oligomerization
domain. There is also a 14-A-long substrate channel in each monomer. The active site contains three
strictly conserved residues (Asn, Glu and Cys) that are essential for the catalysis. Usually, there are
two isoforms in plants with different substrate specificity. PSAMADH1 and PsAMADH2 in pea (Pisum
sativum) differ in a few substrate-channel residues: Alal09/Trp109, Phe288/Trp288 and
Ser453/Cys453, respectively (Tylichova et al. 2010). ALDHs of the family 10 participate in several
metabolic pathways: polyamine catabolism, production of osmoprotectants and carnithine
biosynthesis (Diaz-Sanchez et al., 2012; Kopecny et al., 2013).

Natural substrates of plant AMADHSs include for example 3-aminopropanal (APAL) (Awal et al.,
1995), 4-aminobutanal (ABAL), 4-guanidinobutanal (GBAL) (Matsuda and Suzuki, 1984), 4-
trimethylaminobutanal (TMABAL) (Fujiwara et al., 2008) or betaine aldehyde (BAL) (Weigel et al.,
1986). Polyamine-derived APAL is reactive and cytoxic. Thus its oxidation to B-alanine represents a
detoxification process (Li et al., 2003). ABAL arises from putrescine oxidation by diamine oxidase (EC
1.4.3.22) and spontaneously cyclizes to non-toxic 1-pyrroline (Smith et al., 1986). ABAL or 1-pyrroline
oxidation provides 4-aminobutyric acid (GABA) (Shelp et al., 2012). On the other hand, a lack of ABAL

oxidation leads to the production of 2-acetyl-1-pyrroline in aromatic rice varieties (Bradbury et al.,



2008). GBAL originates from arginine degradation (Matsuda and Suzuki, 1984) and its oxidation
produces 4-guanidinobutyric acid.

BAL is produced by choline oxidation and finally converted by ALDH10 enzymes specific for this
compound (frequently referred to as BADHSs) to glycine betaine (betaine), a compatible osmolyte
protecting against drought and salinity (Rhodes et al., 1989). The acetylated polyamines N'-
acetylspermine and N'-acetylspermidine are oxidized by N'-acetylpolyamine oxidase (EC 1.5.3.13) to
spermidine and putrescine (Tavladoraki et al., 2006), respectively, and 3-acetamidopropanal (Ac-
APAL), which is another natural substrate of plant AMADHs (Kopecny et al., 2013). Aliphatic
aldehydes are only weak substrates (Tylichova et al., 2010).

Plant AMADHSs also oxidize a wide range of synthetic aromatic aldehydes containing benzene,
pyridine, pyrimidine or purine ring (Frommel et al, 2012). These compounds are typically
metabolized by other members of the ALDH superfamily such as nonspecific ALDHs (EC 1.2.1.3) (Peng
et al., 2005), benzaldehyde dehydrogenase (1.2.1.28) (Gaid et al., 2009, Long et al., 2009) or p-
hydroxybenzaldehyde dehydrogenase (EC 1.2.1.64) (Chakraborty et al., 2009). Substrate properties
of aromatic aldehydes are influenced by the position of a possible substituent, when a higher
distance from the aldehyde group is more favorable (Frémmel et al., 2012).

The carboxylic acids produced by AMADH reaction in plants can be further metabolized. For
example, B-alanine can be methylated to yield the osmoprotectant $-alanine betaine (Hanson et al.,
1994). GABA is incorporated into the citric acid cycle after its transamination and oxidation to
succinic acid (Shelp et al., 1999). The oxidation of TMABAL (derived from lysine) in plants probably
represents a step in the biosynthesis of carnitine (Rippa et al., 2012), which is used for fatty acid
transportation in the mitochondrion, as it is well known in mammals (Vaz and Wanders, 2002).
Glycine betaine is not further metabolized as has been demonstrated in sugar beet and its wild
progenitor (Hanson and Wyse, 1982). No radioactive metabolites of [**C] glycine betaine were

detected in these plants upon feeding experiments.



Based on the fact that Ac-APAL is an efficient substrate of plant ALDH10 enzymes (Kopecny et al.,
2013) and also 4-acetamidobutanal (Ac-ABAL) is well oxidized by certain representatives of this group
(Bradbury et al., 2008), it was challenging to evaluate substrate properties of a series of N-acyl-w-
aminoaldehydes with a different length and branching of the acyl chain. A total of 15 new
compounds were synthesized and subjected to oxidation by PSAMADH1 and PsAMADH2. They were

all found substrates.

Materials and methods

Chemicals

Diethylacetals of APAL and ABAL as well as NAD" were from Sigma-Aldrich Chemie (Steinheim,
Germany). The following acyl chlorides were purchased from the same vendor: acetyl chloride,
butyryl chloride, isobutyryl chloride, isovaleryl chloride, methyl adipoyl chloride, 2-methyl butyryl
chloride, propionyl chloride, valeryl chloride and trimethylacetyl chloride. All other chemicals were of

analytical purity grade.

Preparation of enzymes

PsAMADH1 and PsAMADH2 were used as recombinant proteins. The procedure of cloning,
expression and purification of both enzymes was described earlier (Tylichova et al., 2008, 2010).
Protein concentration was assayed by a colorimetric method with bicinchoninic acid (Smith et al.,
1985) or by a direct measurement at 280 nm on a BioSpec-nano micro-volume spectrophotometer

(Shimadzu, Kyoto, Japan) using calculated extinction coefficients (Tylichova et al., 2010).

Synthesis of N-acyl-w-aminoaldehydes
Diethylacetals of APAL and ABAL were subjected to N-acylation with acyl chlorides using KF-celite
as a heterogeneous catalyst (Ando and Yamawaki, 1979). KF-celite (5 g) was suspended in acetonitrile

(50 ml; dried by sodium sulfate) containing APAL or ABAL diethylacetal (6 mmol) and the mixture was



kept at laboratory temperature under continuous stirring on a magnetic stirrer. After 15 min of
stirring, an acylchloride (6 mmol) was added dropwise over a period of 30 min. Then the resulting
solution was set aside for another 30 min. Later on, KF-celite was filtered out and acetonitrile
removed from the filtrate in a rotary vacuum evaporator. Acetyl derivatives of APAL and ABAL were
prepared according to previous protocols (Wood et al., 2007; Kopecny et al., 2013).

Routine NMR spectra for purity evaluation of the synthesized compounds were acquired on a
JEOL JNM-ECA 500 (JEOL, Tokyo, Japan; *H - 500 MHz, **C - 125 MHz) spectrometer equipped with a 5
mm JEOL Royal probe. Data analysis was performed in DELTA NMR software (JEOL). *H NMR and **C
NMR chemical shifts (8) were calibrated using tetramethylsilane (TMS, '*H & = 0 ppm) or solvents:
CDCl; ( *H & = 7.25 ppm, *C & = 77.16 ppm ) or DMSO-d¢ ( 'H 6 = 2.46 ppm, >C & = 40.00 ppm). The
deuterated solvents were from Sigma-Aldrich Chemie.

Prior to activity assay, the synthesized acetals were converted to free aldehydes by 0.1 M
hydrochloric acid after heating at 100 °C (Trossat et al., 1997). During such a treatment, diethylacetal
of methyl-esterified N-adipoyl derivative of APAL was converted to a free N-adipoyl APAL because of

the concomitant hydrolysis of the ester group.

Activity assay

AMADH activity was assayed by monitoring the production of NADH during oxidation of a substrate
(€310 = 6,620 | mol™ cm™) as decribed (Tylichova et al., 2010). All measurements were performed on
an Agilent 8453 UV-visible spectrophotometer (Agilent Technologies, Santa Clara, CA, USA) at 30 °C.
The reaction mixture in a total volume of 2.0 ml contained 0.1 mol I'* Tris-HCI, pH 9.0, 0.5 mmol I*
NAD" and a proper amount of the enzyme (at the level of micrograms). The reaction was initiated by
adding substrate: final concentrations of 1 mmol I were chosen for evaluation of relative reaction
rates. In experiments designed to obtain the steady-state kinetic parameters (K., and Vy.), the final
concentration of substrate usually varied between 0.05 - 4 mmol I* and 0.02 - 2 mmol I for

PsAMADH1 and PsAMADH2 reaction, respectively. All kinetic measurements were carried out in



triplicates. Data analysis was performed with GraphPad Prism 5.0 software (GraphPad Software, La
Jolla, CA, USA). The nonlinear regression used was based either on the Michaelis-Menten equation
V=Vm[S]/ (Kn+[S]) for common substrates or on a modified  equation
V= Vima[S]/ (K + [S]-(1 + [S]/Kss)) for substrates showing excess substrate inhibition. In these
equations, K, denotes Michaelis constant, K, substrate inhibition constant, V.., maximum velocity, v

initial velocity and [S] substrate concentration.

Detection of reaction products

In order to identify N-acylated amino acid products generated from the synthesized compounds,
AMADH reaction mixtures were subjected to mass spectrometric analysis. At the beginning,
PSAMADH2 (2.9 mg ml™) was dialyzed against 50 mM ammonium bicarbonate buffer, pH 8.0, at 4 °C
overnight. Then the reaction mixture in a total volume of 4 ml contained 3.72 ml of 0.1 M ammonium
bicarbonate, pH 8.0, 150 ul of 40 mM NAD®, N-acyl-w-aminoaldehyde in a final concentration of
1.0 mM and 30 pul of the dialyzed enzyme solution. The reaction was started by substrate addition
and proceeded on a magnetic stirrer at laboratory temperature overnight. The enzyme was removed
by ultrafiltration using centrifugal filter units Amicon Ultra-0.5 with a cut-off of 10 kDa (Sigma-Aldrich
Chemie). The ultrafiltrates were analyzed using a UHR-Q-TOF mass spectrometer maXis (Bruker
Daltonik, Bremen. Germany) in the positive mode. Prior to analysis, the filtrate was diluted 10 times
with water (MS quality, Sigma-Aldrich) and introduced by a syringe via syringe pump (Harward
Apparatus, USA) into the ESI ion source at a flow rate of 3 pl min™. The MS parameter settings were
as follows: capillary source - 4500V, dry gas - 4 | min™, desolvatation gas - 0.6 bar, dry temperature -
180 °C. Tune page settings were optimized for an acquisition of a low-molecular-weight compound.

MS spectra were recorded in the mass range of m/z 50 - 500 with a frequency of 1 Hz.



Substrate docking into the crystal structures

To better understand their interaction with PSAMADHSs, the synthesized acylaminoaldehydes
as well as two physiological substrates APAL and ABAL were docked into the active site of PSAMADH2
(PDB code 3IWJ). The procedures of working with the protein structure were done in the same way
as described for docking of dichloropyridinecarbaldehydes and pyridinylmethylaminoaldehydes into
the active site of PSAMADH2 (Frommel et al., 2012). All ligand structures were built by PRODRG
server (Schittelkopf and van Aalten, 2004; http://davapcl.bioch.dundee.ac.uk/cgi-bin/prodrg). The
geometries of the ligand structures were optimized using the Hartree—Fock method with a 6-31G"
basis set as implemented in the Gaussian 03 program (Frisch et al., 2004). The electro-static potential
fitting (ESP) charges were calculated, and the RESP procedure of the Antechamber program from the
AMBER suite was used to generate input files for docking programs (Case et al., 2005; Pearlman et
al., 1995). The graphical user interface software Triton (Prokop et al., 2008) was employed to
prepare, run, and analyze the docking simulations. Autodock 3.0 was used as a molecular docking
tool (Morris et al., 1998) following the semi-flexible docking protocol with rigid target PSAMADH?2
protein and flexible ligands (all rotatable dihedrals with exception of the aldehyde were allowed to
rotate freely). Grid maps calculation was performed by AutoGrid 3.0 using the grid box
(45 x 45 x 45 A) centered to the substrate channel. Lamarckian genetic algorithm was used to
accomplish docking calculations and a maximum of 200 conformers was considered for each
compound. The population size was set to 50 and the individuals were initialized randomly. The
maximum number of energy evaluations was 5 x 10° with the cluster tolerance 0.5 A. Images of the
most probable aldehyde position at the active site of PSAMADH2 were drawn by the PyMOL

molecular graphic system, version 1.3 (Schrodinger LLC, USA; http://www.pymol.org).

Results and discussion
In this work, a series of new derivatives of two natural substrates of plant AMADHs, namely APAL

and ABAL, was synthesized using N-acylation reactions with carboxylic acid chlorides as modifiers of



the w-amino group. The compounds were designed based on the shape of the substrate channel of
the enzymes, which is 14 A long and 5-8 A wide (Tylichova et al., 2010). The middle-section diameter
size of the channel is related to substrate specificity (Kopecny et al., 2013). It was therefore expected
that the presence of short acyl chains (up to five carbon atoms) at the amino group of a natural
aminoaldehyde substrate would not prevent from its oxidation. On the other hand, a certain degree
of variability in substrate efficiency resulting from the length and branching of the acyl group was
assumed. Chemical syntheses involved diethylacetals of APAL and ABAL as starting compounds and
Celite coated with potassium fluoride (KF-Celite) as a heterogeneous catalyst (Ando and Yamawaki,
1979). All products were worked-up by removing the solvent on a rotary vacuum evaporator and
obtained in a high yield (above 80%). Chemical formulas of newly synthesized compounds as well as
those of the respective acetyl derivatives are shown in Fig. 1. Purity of the products was checked and
confirmed by NMR spectrometry. ‘H- and *C-NMR spectral data are available as Supplementary file
1, where also abbreviations for names of the compounds are elucidated.

Substrate properties of all synthetic compounds were studied by kinetic measurements with two
pea isoenzymes PsAMADH1 and PsAMADH2. Enzyme activity was analyzed on a spectrophotometer
by monitoring the reduction of the coenzyme NAD" at 340 nm. The relative reaction rates at a
substrate concentration of 1.0 mmol I'* were in the range of 25 - 95 % for PSAMADH1 and 18 - 141 %
for PSAMADH2 when compared with that of APAL oxidation (arbitrarily taken as 100 %). A similar
comparison with respect to the ABAL oxidation rate showed the following values: 29 - 108 % and 55 -
433 %, respectively (Supplementary file 2). These data allowed setting up further experiments and
recognizing certain rules with respect to the contribution of the acyl chain length and the presence of
C3 or C4 core aminoaldehyde on substrate efficiency. The concentration of substrates used (1 mmol
I'") is much higher than the K., values for APAL and ABAL (~10” mol I'*; Tylichova et al., 2010) and
hence it can be expected that the enzymes would perform optimally in the cell at such a level of
physiological or exogenous substrates. Generally, both isoenzymes oxidized N-acylated APAL

derivatives more readily than the corresponding ABAL derivatives according to this rough evaluation



(with an exception of 2,2-diMet-Propi-ABAL versus 2,2-diMet-Propi-APAL in the reaction of
PsAMADH1). The relative reaction rates for the oxidation of ABAL derivatives calculated towards the
ABAL conversion rate were similar to the relative reaction rates for APAL derivatives carrying the
same acyl chain calculated towards the APAL conversion rate. Thus the proportional factor for the
same type of derivative appeared to be more or less constant. In the case of substrate conversion by
PsAMADH1, APAL or ABAL derivatives with an unbranched acyl chain were converted at rates
decreasing with the length of the chain. Interestingly, the same substrates did not fully display such a
feature when oxidized by PsSAMADH?2.

It has been shown for ALDHs from the family 3 in Arabidopsis thaliana that the NAD" or NADP*
coenzyme saturation concentrations vary depending on the aldehyde substrate. For example, in the
case of ALDH3H1, the K., value for NAD" was 3.5 times higher in the presence of hexanal than using
nonenal as a substrate (Stiti et al., 2011). As regards to PSAMADH, such a behavior has not been
reported. The K., values of PSAMADH1 and PsAMADH2 for NAD* determined in the presence of APAL
as a substrate are 40 and 55 pmol I, respectively (Tylichova et al., 2010). Using ABAL as a substrate,
both values appear around 50 umol I"* (Frommel, unpublished results). The affinity of PSAMADH1 and
2 to the coenzyme NAD" did not change markedly in the presence of the synthetic substrates. The
kinetic data obtained with variable NAD" concentrations and representative branched or unbranched
N-acyl-w-aminoaldehydes (at a fixed concentration of 1 mmol I'*) are shown in Supplementary file 3.
In all cases, the Km value for NAD" of 10-70 uM was determined.

Figs. 2 and 3 provide an overview of saturation curves obtained from kinetic experiments at
different substrate concentrations. The values of Michaelis constant of PSAMADH1 and PsAMADH2
for the synthetic substrates were in the range of 120 - 1420 and 39 - 531 pmol |, respectively, when
subtracted from nonlinear regression of the corresponding curves (Table 1). The K., values of
PsAMADH1 for the N-acyl-w-aminoaldehydes were at least two times higher than those for the
natural substrates APAL and ABAL. Surprisingly, PSAMADH2 showed in some cases much higher

differences such as 10 fold or even 60 fold. With only a few exceptions (Valer-APAL, 2-Met-Butyr-
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APAL and 3-Met-Butyr-ABAL), PsAMADH2 showed higher affinity to the newly synthesized
compounds than PsAMADH1. Although the K., value of PSAMADH2 for 3-Met-Butyr-APAL was almost
the same as that for PSAMADH]I, it increased (up to 160 pmol I'!) after omitting data obtained for
high substrate concentrations (where an excess substrate inhibition was observed - see further). The
K. values for Butyr-APAL conversion by both isoenzymes were found the same based on the
nonlinear regression (Table 1). In most cases, the K., values for APAL derivatives were found lower
than those for the corresponding ABAL derivates. There were only two exceptions: Propi-APAL/Propi-
ABAL in PSAMADH1 reaction and 2-Met-Butyr-APAL/2-Met-Butyr-ABAL in PSAMADH?2 reaction. For
PsAMADH2, the Michaelis constant rather increased with the length of the acyl chain of C3-C5
unbranched substrates. This was not the case for PSAMADH1 and APAL derivatives: here the K., value
for Propi-APAL was higher than those for Butyr-APAL and Valer-APAL. Nevertheless, in three of four
possibilities, the K., values for Propi-APAL or Propi-ABAL were the lowest among all substrates
comprising an unbranched C3-C5 acyl chain at the amino group. The K, value of PSAMADH1 for Adip-
APAL was higher than those for other APAL derivatives except for Propi-APAL. Interestingly, in the
case of PSAMADH2 reaction, the K., value for Adip-APAL was the lowest one from all synthetic
compounds.

The effect of branching of the acyl chain was as follows: 1) the K., values for Val-APAL and Val-
ABAL were lower than those for the corresponding N-(2-methylbutyryl)aminoaldehydes; 2) the K.,
values for 3-Met-Butyr-APAL and 3-Met-Butyr-ABAL were usually lower than those for the
corresponding N-(2,2-dimethylpropionyl)aminoaldehydes; 3) the K, values for Butyr-APAL and Butyr-
ABAL were higher than those for the corresponding N-(2-methylpropionyl)aminoaldehydes; 4) the
aminoaldehydes with 2-methylpropionyl chain were accepted by both isoenzymes with higher
affinity than those with 2-methylbutyryl chain; 5) although the affinity of PSAMADH2 to N-(2-
methylpropionyl)aminoaldehydes was higher than to N-(3-methylbutyryl)aminoaldehydes, an

inverted result was achieved for PSAMADH1.
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The V,.x values determined for the synthetic derivatives reflected enzyme activities measured
with the original compounds APAL and ABAL. When mutually compared, in most cases they were
higher for APAL derivatives than for the corresponding ABAL derivatives and the differences were
much more pronounced for PSAMADH2 (not shown). Table 1 contains a list of k., values calculated
from the respective V.« values when taking the dimeric character of the isoenzymes into
consideration. All catalytic constants appeared between 1.0-3.6 s for PSAMADH1 and 1.4-13.9 s* for
PsAMADH?2. Interestingly, in the case of PSAMADH2, all APAL derivatives were converted with k.
values similar (> 70%) or even higher (five compounds) than those for reference substrate APAL. This
was not observed for PSAMADH1 and probably represents a reflection of the more pronounced
preference to APAL over ABAL of PSAMADH2 (Tylichova et al., 2010).

The catalytic efficiency values (k..:/Km) of PSAMADH1 and PsSAMADH2 were calculated to sort the
synthesized compounds objectively according to their substrate properties. They were at the level of
10° — 10°> mol™ | s™* (Table 2). To obtain relative numbers for an easier comparison, the catalytic
efficiency for APAL conversion was arbitrarily set at a value of 1.000 and the other values were
recalculated accordingly. Then the relative catalytic efficiency values of PSAMADH1 and PsAMADH2
with N-acyl-w-aminoaldehydes appeared in the range of 0.033 - 0.330 and 0.003 - 0.172, respectively
(Table 2). In the given order, Valer-APAL, Ac-APAL and 2-Met-Propi-APAL were found the best three
substrates of PSAMADH1 from the group of APAL derivatives, whereas Propi-ABAL, Ac-ABAL and 2-
Met-Propi-ABAL were the best ones from the group of ABAL derivatives. In the case of PSAMADH?2,
such winners were Adip-APAL, Ac-APAL and Propi-APAL plus 2-Met-Propi-ABAL, Propi-ABAL and 3-
Met-Butyr-ABAL, respectively. The k./K. value for Adip-APAL was almost two times higher than
those for the second and third best substrates of PSAMADH?2. Interestingly, Adip-APAL was three
times better substrate of PSAMADH2 than ABAL (Table 2). No strict correlation was found between
the catalytic efficiency values and the acyl chain length of the substrate. As regards to unbranched
derivatives, acetyl and propionyl compounds were in most cases better substrates than butyryl and

valeryl compounds (with an exception of APAL derivatives oxidized by PsAMADH1). Butyr-APAL and
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Butyr-ABAL were weaker substrates than the corresponding branched 2-Met-Propi derivatives.
Similarly, Valer-APAL and Valer-ABAL were rather weaker substrates than their counterpart 3-Met-
Butyr derivatives but they were better or at the same level of substrate properties like the 2-Met-
Butyr derivatives (Table 2).

An excess substrate inhibition was observed roughly in one half of the measured saturation
curves. The determined inhibition constants K., were between 0.65 and 21.7 mmol I'* (Table 3). Five
synthetic substrates, namely Ac-APAL, Valer-APAL, 2,2-diMet-Propi-APAL, 2-Met-Propi-ABAL and
Adip-APAL inhibited both isoenzymes in excess concentrations. The respective substrate inhibition
constants (K,) values were usually lower for PSAMADH2, which thus appears more prone to this
mode of inhibition for the given set of compounds. In agreement with this finding, six other
compounds (Propi-APAL, 3-Met-Butyr-APAL, Ac-ABAL, Propi-ABAL, 3-Met-Butyr-ABAL and 2,2-diMet-
Propi-ABAL) inhibited in excess concentrations PSAMADH?2 only. There was no substrate which would
exclusively inhibit PSAMADH1 in this way. A stronger substrate inhibition (measured with natural
substrates) was observed previously also for maize and tomato isoforms carrying Trp residue at the
position equivalent to Trp288 in PSAMADH2 (Kopecny et al. 2013).

In order to confirm the formation of carboxylic acids as products of enzymatic conversion,
selected N-acyl-w-aminoaldehydes were subjected to reactions with PsAMADH1 (Valer-APAL and
Propi-ABAL) or PSAMADH?2 (2,2-diMet-Propi-APAL and 3-Met-Butyr-ABAL) in the presence of NAD".
After a prolonged incubation, the reaction mixtures in a volatile buffer were diluted and analyzed by
mass spectrometry for the presence of peaks with m/z values corresponding to the expected product
acids. As an illustration, Fig. 4 shows a result obtained with Valer-APAL. In this case, the N-acyl
aminoaldehyde was oxidized to 3-(valerylamino)propionic acid, which provided a signal with m/z
174.1 in the mass spectrum.

The kinetic results reported here demonstrate that plant ALDH10 enzymes oxidize various N-acyl-
w-aminoaldehydes including branched-chain structures. So far, no aldehyde compound with a

branched carbon chain in the molecule has been studied in this regard. Substrate properties were

13



much more affected by the number of carbon atoms of the core w-aminoaldehyde chain than by the
size and structural isomerism of the acyl substituent. It seems that plant ALDHs of this group could
oxidize also other N-substituted derivatives of APAL and ABAL or aldehydes (including natural
compounds) with structural features permitting similar orientation in the substrate channel and
binding at the active site. It is worth of mentioning in this context that a conversion of 4-(3-
aminopropylamino)butyraldehyde, which is the product of spermidine oxidation, has already been
described (Sebela et al., 2000).

Docking experiments confirmed the affinity of PsSAMADH2 to unbranched aliphatic N-acyl
derivatives of APAL and ABAL as well as to 2,2-diMet-Propi- and 3-Met-Butyr- derivatives (Figs. 5 and
6). The respective values of free energy of binding and final docked energy are provided in Table 4
together with a list of interacting residues. There is no doubt that results of molecular docking of
substrates into enzyme active sites have to be always interpreted carefully as this is just an
approximation and obtaining crystal structures of the reacting molecules would provide data with
higher confidence and biological value. The amide group of Ac-APAL was found to interact with OG
atom of Ser295 and OE1 atom of GIn451; such an interaction was also demonstrated for the nitrogen
atom of APAL amino group (Fig. 6). On the contrary, the amide group of longer N-acyl APAL derivates
like Propi-APAL, Butyr-APAL and Valer-APAL did not provide any interaction with Ser295 and GIn451
but was in an H-bond distance from the side chain oxygen atom of Tyr163 (Fig. 6). Whereas Valer-
APAL interacted with Tyr163 via the amide oxygen atom, both Propi-APAL, Butyr-APAL preferentially
interacted via their amide nitrogen atom. ABAL was docked in a similar way like APAL. Conversely,
the nitrogen atom of Ac-ABAL interacted with Tyr163 and not with Ser295 or GIn451. Butyr-ABAL was
in a bond distance with Tyr163 via the acyl oxygen atom and Valer-ABAL interacted with Ser295 and
GIn451 through both atoms from the amide group. Its nitrogen atom would then also interact with
Tyrl63. An interaction of 3-Met-Butyr-APAL with Ser295 via the substrate nitrogen atom and with

GIn451 via both nitrogen and oxygen atom of the amide group was observed (Fig. 6). The two double
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branched substrates were found in an interaction with Tyrl63: either through the nitrogen atom
(2,2-diMet-Propi-APAL) or via the acyl oxygen (2,2-diMet-Propi-ABAL); Fig. 5.

The only substrate containing a carboxylic group - Adip-APAL - was added to this study in order to
evaluate the ability of AMADHs to oxidize aldehydes with a negative charge in the molecule. Adip-
APAL was among the weakest substrates of PSAMADH1 considering the V,.../K, ratio. Unexpectedly,
it was the best synthetic substrate for PSAMADH2 and it was even better substrate than naturally
occurring ABAL. Docking experiments revealed that the terminal carboxyl group of Adip-APAL
establishes an H-bond interaction with NE1 atom of Trp170 and OG1 atom of Thr455 while the amide
group binds to Tyrl63 of PSAMADH2. On the contrary, PSAMADH1 carries nonpolar lle455 and
cannot establish an H-bond to the carboxyl of Adip-APAL (Fig. 5). This fact probably leads to the huge
difference between both isoenzymes in acceptance of Adip-APAL as a substrate.

The docking experiments revealed that the substrate properties of N-acyl-w-aminoaldehydes arise
from their proper binding at the active site, which is facilitated by interactions with amino acid
residues in the substrate channel such as Tyr163. The previously suggested importance of Tyrl63 in
allowing substrates to enter the active site in a proper orientation, which was deduced from

mutagenesis results (Kopecny et al., 2011), has now been confirmed.

Conclusions

Both isoenzymes of PSAMADH oxidized N-acyl derivatives of their natural substrates APAL and
ABAL. Kinetic parameters of the oxidation were much more affected by the number of carbon atoms
of the core w-aminoaldehyde chain than by the size and structural isomerism of the acyl chain bound
to the amino group. Generally, APAL derivatives were better substrates than the corresponding
derivatives of ABAL. None of the synthetic compounds was more efficient than the best natural
substrate APAL. Nevertheless, in the case of PSAMADH2, two synthetic substrates (Adip-APAL and
Propi-APAL) were superior to the other natural aminoaldehydes ABAL and Ac-APAL. The enzymatic

conversion was confirmed by LC-MS analysis of reaction products. Molecular docking indicated the
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possible interaction of the amide nitrogen and oxygen atoms of the synthetic substrates with three
residues of PSAMADH2 substrate channel — Tyr163, Ser295 and GIn451. It becomes clear that
ALDH10 enzymes may oxidize even more compounds than was expected. In addition to their known
natural w-aminoaldehyde and aldehyde substrates or the recently reported group of aromatic and
heterocyclic aldehydes (Frommel et al., 2012), the substrate specificity of plant ALDHs may also
include certain acyl aldehydes or aldehydes with heteroatoms in their carbon chains (both linear or
branched-chain structures) if they would bind properly at the active site, which is facilitated by
interactions with substrate channel residues. This has a big implication for understanding the
physiological role of plant ALDH10 enzymes, which might participate not only in polyamine
metabolism and production of osmoprotectants but also in other metabolic pathways involving

aldehydes (detoxification routes, secondary metabolism).
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Table 1.

Kinetic parameters of oxidation of N-acyl-w-aminoaldehydes by PsSAMADH1 and PsAMADH2.

Enzyme activity with substrates at varying final concentrations was measured in 0.1 mol I Tris-HCI

buffer, pH 9.0, at 30 °C. NAD" concentration in the reaction mixture was 0.5 mmol It The GraphPad

Prism 5.0 software was used to calculate K, and V... values, k.. comes from V., divided by

concentration of enzyme active sites.

Kinetic parameters

PsAMADH1 PSAMADH2
Substrate K Keat Kn Keat
(umol I'l) (s'l) (umol I'l) (s'l)

Reference substrates

APAL 71.845.75 3.65+0.122 7.27 +0.46 9.42 +0.146
ABAL 153 +15.4 3.10+0.151 45.9 + 6.86 3.02 +0.147
Synthetic substrates

Ac-APAL 268 +31.3 3.61+0.227 109 +21.7 13.9+1.34
Propi-APAL 492 +233 3.40 + 0.049 65.1+ 3.77 7.72 +0.170
Butyr -APAL 227 +32.1 2.41+0.072 226+9.5 8.13+0.111
2-Met- Propi -APAL 183 + 18.0 2.03 +0.061 93.5+2.66 6.49 + 0.053
Valer-APAL 120 +11.2 2.02 +0.070 271+66.8 11.0+1.56
2-Met-Butyr-APAL 366 + 40.6 2.87 +0.092 469 +33.1 12.1+0.27
3-Met-Butyr-APAL 137 +19.9 1.24 +0.046 130 + 17.0 9.54 + 0.544
2,2-diMet-Propi-APAL 266 +31.7 1.41 +0.085 477 +130.0 14.4 +2.47
Adip-APAL 431+39.3 1.03 +0.053 39.2+3.99 8.78 + 0.305
Ac-ABAL 516+ 41.0 2.49 +0.070 242 +33.4 2.84 +0.209
Propi-ABAL 327 +14.0 1.65 +0.019 92.7+7.69 1.63 + 0.060
Butyr-ABAL 738+ 60.0 1.60 +0.005 264 +34.7 1.39 +0.056
2-Met-Propi-ABAL 525 + 65.3 2.32+0.016 189 +33.9 4.08 +0.397
Valer-ABAL 629 +35.1 1.05 + 0.020 304 +39.0 1.93 +0.070
2-Met-Butyr-ABAL 638 +24.8 1.20 +0.014 397+43.3 1.56 +0.128
3-Met-Butyr-ABAL 361 +18.1 1.22 +0.020 531 +113.7 6.84 + 1.088
2,2-diMet-Propi-ABAL 1420+ 94 3.20+0.083 506 + 73.7 5.80 + 0.595
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Table 2.

Catalytic efficiency of PSAMADH1 and PsAMADH2 for N-acyl-w-aminoaldehydes.

First, catalytic efficiency (k..t/Kn) values of PSAMADH1 and PsAMADH2 for the oxidation of the
synthesized N-acyl-w-aminoaldehyde compounds were calculated based on the kinetic parameters
presented in Table 1. Then, for calculating relative catalytic efficiency, the k../K. value for the

reference substrate APAL was arbitrarily set at 1.000.

Catalytic efficiency

Sub Absolute Relative
ubstrate e/ K (mOI 157 (Kese Koo / (ke Koo
PsAMADH1 PSAMADH2 PSAMADH1 PSAMADH2

Reference substrates

APAL 5.09 x 10 1.30 x 10° 1.000 1.000
ABAL 2.02 x 10* 6.58 x 10* 0.397 0.051
Synthetic substrates

Ac-APAL 1.35x 10" 1.28x 10° 0.265 0.098
Propi-APAL 6.90 x 10° 1.19x 10° 0.136 0.092
Butyr-APAL 1.06 x 10" 3.60 x 10* 0.208 0.028
2-Met-Propi-APAL 1.11x 10* 6.94 x 10 0.218 0.053
Valer-APAL 1.68 x 10* 4.06 x 10* 0.330 0.031
2-Met-Butyr-APAL 7.84x 10° 2.57 x 10* 0.154 0.020
3-Met-Butyr-APAL 9.07 x 10° 7.33x 10 0.178 0.056
2,2-diMet-Propi-APAL 5.30x 10° 3.02x10* 0.104 0.023
Adip-APAL 2.39x 10° 2.24x10° 0.047 0.172
Ac-ABAL 4.83 x 10° 1.17 x 10" 0.095 0.009
Propi-ABAL 5.05 x 10° 1.75 x 10* 0.099 0.013
Butyr-ABAL 2.16 x 10° 5.27 x 10° 0.042 0.004
2-Met-Propi-ABAL 4.42 x 10° 2.16 x 10* 0.087 0.017
Valer-ABAL 1.67 x 10° 6.35 x 10° 0.033 0.005
2-Met-Butyr-ABAL 1.88x 10’ 3.92x 10° 0.037 0.003
3-Met-Butyr-ABAL 3.37x10° 1.29 x 10* 0.066 0.010
2,2-diMet-Propi-ABAL 2.25x10° 1.15 x 10 0.044 0.009
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Table 3.

Excess substrate inhibition observed in PsSAMADH1 and PsAMADH2 reactions.
The substrate inhibition constant values (K;;) were determined with the GraphPad Prism 5.0 software

using the formula v = Vi [S] / (K + [S]:(1 + [S]/Ks)) for nonlinear regression.

Substrate inhibition constants

Substrate PSAMADH1 PSAMADH2
K Ks
(umol 1Y) (umol 1)
Reference substrates
APAL 2560 + 308 1670 £ 115
ABAL 4750 + 1074 1840 + 339
Synthetic substrates
Ac-APAL 2910 + 485 1520 £ 321
Propi-APAL None 8400 * 1425
Valer-APAL 21700 £ 8200 1720+ 511
3-Met-Butyr-APAL None 4620 £ 989
2,2-diMet-Propi-APAL 6510 + 1448 1930 £ 692
Adip-APAL 3450 + 441 4630 + 936
Ac-ABAL None 3510+ 742
Propi-ABAL None 7870 £ 1293
2-Met-Propi-ABAL 8140 £ 2032 2210+ 541
3-Met-Butyr-ABAL None 657 £ 157
2,2-diMet-Propi-ABAL None 1470 + 298
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Table 4.

Possible interactions of substrate amide group atoms with substrate channel residues of

PsAMADH2 and the respective docking energy values.

Energy Possible interactions of substrate amide group atoms
with substrate channel residues
Aldehyde dock free with Tyr163 OH with Ser2950G  with GIn451 OE1
(kcal/mol) (kcal/mol) viaN" via O viaN”  viao” viaN”  via oY
APAL -4.30 -3.62 - 2 + 2 + 2
ABAL -5.24 -4.20 - 2 + 2 + 2
Ac-APAL -5.60 -4.23 - - + - + +
Propi-APAL -5.43 -3.99 + - - - - -
Butyr-APAL -5.75 -3.83 + - - - - -
Valer-APAL -6.98 -4.60 - + - - - -
3-Met-Butyr-APAL -7.21 -5.15 - - + - + +
2,2-diMet-Propi-APAL -6.38 -4.74 + - - - - -
Adip-APAL -7,73 -4,72 + + - - - -
Ac-ABAL -5.58 -3.93 + - - - - -
Propi-ABAL -6.03 -4.07 - - - - - -
Butyr-ABAL -7.10 -4.80 - + - - - -
Valer-ABAL -7.52 -5.08 + - + - + +
3-Met-Butyr-ABAL -7.56 -5.13 - - - - - -
2,2-diMet-Propi-ABAL -7.19 -5.20 - + - - - -
Footnotes:

1) oxygen or nitrogen atom of the amide group of the substrate
2) APAL and ABAL do not have a second oxygen atom, so there is no possibility of its interaction with

substrate channel residues.
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FIGURE LEGENDS

Figure 1
An overview of synthetic N-acyl-w-aminoaldehydes.
Molecular formulas of the analyzed compounds were drawn by ChemSketch 2.0 software (Advanced

Chemistry Development, Toronto, Canada).

Figure2

Saturation curves of PSAMADH1 reactions with N-acyl-w-aminoaldehydes.

Black curves were chosen for the physiological substrates APAL and ABAL. Saturation curves of their
linear derivatives are drawn in yellow, orange, magenta and red and those of branched derivatives in
shades of blue and green. Panel A: oxidation of linear N-acyl derivatives of APAL by PsAMADH1Z;
panel B: oxidation of linear N-acyl derivatives of ABAL by PsSAMADH1; panel C: oxidation of branched
N-acyl derivatives of APAL by PsSAMADH1; panel D: oxidation of branched N-acyl derivatives of ABAL

by PsSAMADH1. See Materials and methods for experimental details.

Figure 3

Saturation curves of PSAMADH2 reactions with N-acyl-w-aminoaldehydes.

Black curves were chosen for the physiological substrates APAL and ABAL. Saturation curves of their
linear derivatives are drawn in yellow, orange, magenta and red and those of branched derivatives in
shades of blue and green. Panel A: oxidation of linear N-acyl derivatives of APAL by PsAMADH?2,
panel B: oxidation of linear N-acyl derivatives of ABAL by PSAMADH2; panel C: oxidation of branched
N-acyl derivatives of APAL by PsSAMADH2; panel D: oxidation of branched N-acyl derivatives of ABAL

by PSAMADH?2. See Materials and methods for experimental details.

Figure 4
MS analysis of product acid arising from Valer-APAL oxidation by PsAMADH1.
The reaction mixture composed of 0.1 M ammonium bicarbonate buffer, pH 8.0, Valer-APAL

(1.0 mM), NAD* (1.5 mM) and PsAMADH2 (21.8 pg-ml™) was kept at laboratory temperature with
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stirring overnight. Then the enzyme was removed by ultrafiltration and the filtrate diluted 10 fold

prior to its injection to the mass spectrometer.

Figure 5

Molecular docking of substrates into the active side of PSAMADH2, a general view.

All residues lining the substrate channel and forming the active site are drawn in grey. The surface of
the substrate channel is shown in brownish yellow. Panel A: both tested N-(2,2-dimethylpropionyl)
aminoaldehydes interact with the oxygen atom of Tyr163; 2,2-diMet-Propi-APAL (brown) binds via its
nitrogen atom and 2,2-diMet-Propi-ABAL (blue) via its acyl oxygen atom. Panel B: Ac-ABAL (orange)
interacts only with Tyr 163 via the nitrogen atom, whereas Valer-ABAL (green) shows an interaction
with three residues — Tyr163, Ser295 and GIn451. Panel C: Adip-APAL interacts with Tyrl163 via both
nitrogen and oxygen atoms of its amide group. The carboxyl oxygen atoms of the ligand interact with
the indole nitrogen atom of Trp170 and the hydroxyl oxygen atom of Thr455. In PSAMADH1 (its
superposed active-site residues are shown here in yellow), Thr455 is replaced by lle455. The
aldehyde oxygen atom of the substrate is H-bonded to the side chains of Asn162 and the catalytic

Cys294.

Figure 6

Molecular docking of substrates into the active side of PSAMADH2, a detailed view.

Active site residues of PSAMADH2 are drawn in grey. Panel A: the two physiological substrates APAL
(light orange) and ABAL (cyan blue) interact with Ser295 and GIn451 via their amino group nitrogen
atom. Panel B: while Ac-APAL (orange) probably interacts with Ser295 and GIn451, Valer-APAL
(purple) interacts with Tyr163 via its acyl oxygen atom. Panel C: both N-butyryl-w-aminoaldehydes
interact with Tyr 163, Butyr-APAL (slate blue) via its acyl oxygen atom and Butyr-ABAL (green) via its
nitrogen atom. Panel D: 3-Met-Butyr-APAL (yellow) interacts with Ser295 and GIn451; on the other
hand its isomer 2,2-diMet-Propi-APAL (violet blue) interacts with Tyr163. The aldehyde oxygen atom
of the substrates establishes H-bond interactions with the side chains of Asn162 and the catalytic

Cys294.
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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Figure 6

A Cys453 B

Cys453/
rp170 Gln451

i;GIMSl

®

°
@« ©

[
« '] 0:. ©
LY [] s
yrl63
e

Glu260
$ Ser295 Ser295
@
Y g° Asn162 & R
Asn162 -&? Cys294
Cys294
C Cys453 D
Cys453
Trpl70 Gln451

Glu260

)
é S ]
Tyrl63
Ser295

®
Asn162 ” \5 3




141

P7

AMINOALDEHYDDEHYDROGENASA 1 Z RAJCETE A JEJi MOZNE VYUZIT{
K DETEKCI ALDEHYDU V LIHOVINACH

Frommel J.!, Soural M .2, Kopetna M.}, Kopeény D.*, Tarkowski P.}, Vianello F.%, Sebela M.

Y Oddgleni biochemie proteinii a proteomiky, Centrum regionu Hand pro biotechnologicy a zem&d&lsky vyzkum,
Piirodovédecka fakulta UP, Slechtitelt 586/11, 783 71 Olomouc

2 Katedra organické chemie, Prirodovédecka fakulta UP, Ttida 17. listopadu 1192/12, 771 46 Olomouc

¥ Dipartmento di Biomedicina Comparata e Alimentazione, Universita degli Studi di Padova, Viale dell'Universita, 16,
350 20 Legnaro (PD), Italia

Aldehyddehydrogenasy (ALDH, EC 1.2.1) pfeménuji aldehydy na ptislusné karboxylové kyse-
liny za vyuziti koenzymu NAD" (piipadné NADP") jakozto akceptoru elektronii. Nadrodina ALDH
se Cleni do 24tfid, znichZz nejméné¢ 12 obsahuje jako zastupce i rostlinné enzymy.
Aminoaldehyddehydrogenasy (AMADH, EC 1.2.1.19) se fadi do vice ttid, rostlinné enzymy se pro
svou nizkou sekvenéni identitu (36 - 39 %) s ostatnimi AMADH ftadi do tfidy ALDH10 oddélené
od sav¢ich, rybich, bakterialnich ¢i houbovych AMADH (ALDHY9) [1-3]. Rostlinné AMADH
nekatalyzuji jen vyhradni pteménu linearnich aminoaldehydi, ale oxiduji i vétvené alifatické
aldehydy, benzaldehydy, heterocyklické aldehydy (napi. rozmanité derivaty pyridinu, pyrimidinu,
studovanych v nasi laboratofi vykazuje isoenzym 1 zrajéete (Solanum  lycopersicum syn.
Lycoperisicon esculentum; SIAMADH1) s detailn¢ popsanou krystalovou strukturou [4,5], jeZ
oxiduje aldehydy, které byly detekovany v riznych druzich lihovin.

Aldehydy se vyskytuji témét ve vSech lihovindch at” uz jako fermentacni produkty ¢i jako
dusledek rozkladu cukri pii vyssich teplotach. Jejich pfitomnost ve vysSich koncentracich je
nezadouci jednak pro jejich negativni vliv na senzorické vlastnosti lihovin a jednak pro jejich
toxicitu. Konzumace lihovin s obsahem aldehydi je spojena s nauseou, zvracenim, neklidem,
pocenim, poklesem krevniho tlaku, zrychlenim tepu ¢i bolestmi hlavy. Naptiklad acetaldehyd
Vv pfitomnosti alkoholu reaguje s aminoskupinami nukleovych kyselin za vzniku smiSenych acetalt,

v v

coz vede k vysSimu riziku rakoviny prsu u Zen [6-8].

o
HCx © N\, HeC— © N o
‘ =~ NH-R | %

0-4-PCAL

FurAL Met-FurAL Met.
HBC/\O OH-Met-FAL
AAL o Xy X2Brr-BZAL  R2 .. 2-PMet-AAAL / 4-PMet-AAAL R,
—Br
BzAL | _ 3-Br-BzZAL  R3..2-PMet-APAL / 3-PMet-APAL / 4-PMet-APAL
HsC PAL
CH, )Xo 4-Br-BzZAL R4 .. 2-PMet-ABAL / 3-PMet-ABAL / 4-PMet-ABAL
n BAL N\ \
1 DA 2,6-diCl-4-PCAL
CAL - CAL — o 2-Br-4-PCAL /—ﬁ
H N _ 3,5-diCl-4-PCAL
200X o ch/\/\o 3-Br-4-PCAL 5
CH, 2Met-BAL Pz
AKrAL Hs o —0 Ra
CHs o /
N\ R1 e}
/\/\ o ~ B pr—
HoN Xo HaC N0 | . R1..2-PCAL / 3-PCAL / 4-PCAL 5 g
APAL 3-Met-BAL = R3 ... P-2-PAL / P-3-PAL / P-4-PAL R
2

Obr. 2:  Vzorce aldehydi testovanych jako substraty SIAMADH 1

V naSich experimentech jsme vyuZili rekombinantni protein SIAMADH1, ktery byl
vyprodukovéan v bakterialni kultufe Escherichia coli. Z listd a apikalnich meristémt sedmidennich
semenacku rajcete jedlého byla extrahovana celkova RNA za pouziti Kkitu Midi Spin
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(Macherey-Nagel, Germany). K syntéze ptislusné cDNA bylo pouzito Superscript II reverzni
transkriptasy (Invitrogen, USA). Genova sekvence (1515 bp) je v databazi uloZena pod kdédem
AY796114. Pro amplifikaci genu za G¢elem transformace hostitelskych bun¢k byly vyuzity primery
5-CAGGGATCCGGCAAATCGTAATGTACCA-3* (forward, restrikéni misto pro enzym
BamHI) a 5’-CGTCTCGAGCTAATTCTTTGAAGGTGACTTAT-3’ (reverse, restrikéni misto pro
enzym Xhol) [4,5]. Kultivace probéhla ve sterilnim LB mediu se streptomycinem (50 g:I"%), exprese
byla indukovana 0,1mM isopropyl-B-D-1-thiogalaktopyranosidem. Rozbiti bunék, extrakce
a purifikace proteinu s N-koncovou histidinovou kotvou byla provedena obdobné¢ jako
u hrachového izoenzymu 1 [9]. Z 250 ml kultury byly vyizolovany pfiblizné¢ 2 mg ¢istého enzymu
0 specifické aktivité 53 nkat-mg™ naméfené s pouZitim 1mM 3-aminopropanalu (APAL), jakoZto
nejlepsiho fyziologickému substratu.

Aldehydy z 8iroké fady zahrnujici linearni alifatické aldehydy, benzaldehyd a jeho
bromderivaty ¢i heterocyklické aldehydy - derivaty furanu, pyridinu, pyrimidinu, purinu nebo
pyrrolopyrimidinu - byly testovany jako substraty SIAMADH1 (Obr. 1). 3-Pyridinylpropanaly byly
piipraveny Swernovou oxidaci odpovidajicich alkoholi [10]. Diethylacetaly
o-pyridinmethylaminoaldehydu byly nukleofilni substituci pfislusného heterocyklického
chloroderivdtu s  pouZitim diethylaacetald  aminoacetaldehydu, 3-aminopropanalu  ¢i
4-aminobutanalu [11]. Ostatni aldehydy byly zakoupeny u firmy Sigma-Aldrich.
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Obr. 3: Substratova specificnost SIAMADHI - srovnani testovanych aldehydi se

substratem APAL ([S] = 1,0 mmol-I™%)

Studium substratové specificnosti bylo provedeno pomoci spektrofotometrického meéteni pti
340 nm zaloZzeném na Warburgové optickém testu [12] s pouzitim testovanych aldehydi pfi 1mM
koncentraci. Reakéni smé&s obsahovala 1,55 ml pufru (Tris-HCI, 0,15 mol-I™*, pH 9,0), 50 pl 20mM
NAD", roztok enzymu, 20 ul 100mM roztoku substratu a vodu k doplnéni do kone&ného objemu
2,0 ml. Reakce byla startovana piidavkem substratu ke zbylym slozkdm reakéni smési. V grafu
(Obr. 2) je uvedena relativni aktivita enzymu vzhledem k rychlosti pfemény pro APAL. Témét
vSechny aldehydy byly pomoci SIAMADH1 oxidovany. U halogenderivatd benzaldehydu
a 4-pyridinkarbaldehydu nedochazi k oxidaci v pfipad¢ substituce na vicindlni poloze vuci
karbaldehydové skupin€, u substituci ostatnich uhliki aromatického cyklu je enzym aktivni
(modfe). Nejvyssi aktivita byla v pfipadé alifatickych aldehydt pozorovana u pfemény pentanalu,
ostatni aldehydy a jejich isomery byly oxidovany pomaleji (Cervené). Vice nez 100 % aktivita byla
pozorovana jen pro 3-pyridin-3-ylpropanal (P-3-PAL, fialov¢), nejedna se vSak o lepSi substrat nez
APAL, jelikoz vyssi reakéni rychlost je zptisobena masivni inhibici substratem v ptipadé¢ APALu.

Pro méfeni obsahu aldehydi v destilatech byla ziskana fada slivovic z riznych domacich
produkci, které byly testovany jakozto ,substraty” SIAMADH1 a vysledky porovnany
s fyziologickym substratem (APAL, c¢=1,0 mmol-I™"). Po piidani 50 ul vzorku do celkového
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objemu 2 ml reak¢ni smési ve sloZzeni shodném se studiem substratové specifiCnosti se relativni
reak¢ni rychlost vzhledem k oxidaci APALuU pohybovala pod 1 %..

Jako referen¢éni metodu ke stanoveni obsahu aldehydt jsme vyuzili HPLC s UV detekci po
derivatizaci vzorku 2,4-dinitrofenylhydrazinem (DNPH) v kyselém prostredi [8, 13]. K 1 ml vzorku
bylo ptidano 250 pul 0,4 % DNPH rozpusténého v acetonitrilu a 12,5 ul 1mM HClO4 a reakéni smés
byla za mirného tfepani a laboratorni teploty inkubovdna 1 hodinu. Na kolonu
Kinetex 2,6 u C13 100A (150 x 4,6 mm) bylo naneseno 10 ul vzorku bez jakékoliv prekoncentrace.
Jako mobilni faze byla pouZita smés vody a methanolu pii pritoku 0,5 ml-min™. Ve viech vzorcich
slivovic byly pomoci standardt detekovany rozmanité aldehydy. Ve vysoké koncentraci se ve vSech
vzorcich nachéazel acetaldehyd (AAL) a 5-hydroxymethylfurfural (OH-Met-FurAL), v mensim
mnozstvi pak dalSi linearni alifatické aldehydy, furfural, benzaldehyd, 5-methylfurfural ¢i akrolein
(Obr. 3B).
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Obr. 4: Analyza obsahu aldehydi ve vzorcich slivovic. (A) Méfeni s volnym enzymem - srovnani
rychlosti oxidace slivovic a APALu. (B) HPLC analyza vzorku Slil - cervené
chromagoraficky zdznam (1 - nezreagovany DNPH, 2 - formaldehyd,
3 - 5-hydroxymethyl-furfural, 4 - acetaldehyd, 5 - furfural, 6 - benzaldehyd,
7 - 3-methylbutanal, 8 - hexanal, 9 - nonanal), zelené obsah metanolu v mobilni fazi.
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Na povrchové aktivni nanocastice pfipravené z maghemitu [14] byla imobilizovana nejen
SIAMADHY1, ale idiaforasa (NADH oxidasa, EC 1.8.1.4). Oba enzymy byly imobilizovany na
samostatné nanocastice. K 1 mg nanocastic rozsuspendovanych v 1 ml pufru bylo ptidano 0,1 mg
SIAMDH1 a smés byla inkubovana za mirného tfepani pii teploté 4 °C po dobu 1,5 hodiny. Uéelem
imobilizace je moznost opakovaného pouZiti enzymu, pouZiti diaforasy pak dava moznost vizualni
detekce odbarvenim modrého 2,6-dichlorofenolindofenolu (DCPIP) ve sptfazené reakci reoxidujici
koenzym NADH na NAD*. Hodnota K, vzrostla u SIAMADH1 po imobilizaci z 29 pmol-1* na
110 pmol-I™,

Rostlinné AMADH se vyznacuji Sirokou substratovou specificnosti vzhledem k alifatickym,

-----

vykazuje SIAMADHY1, ktera byla v této praci vyuZita pro tvorbu biosenzoru.

Enzym byl imobilizovan na magnetické nanocastice, které byly pouzity pro ptipravu elektrody
vyuzitelné pfi chronoamperometrickém ¢i linearné voltametrickém stanoveni NADH vznikajiciho
pfi enzymové reakci SIAMADHI. Druhym pouzitym zptisobem detekce je vyuziti sprazené reakce
SIAMADHI1 a diaphorasy, kdy zpétnou oxidaci NADH dochazi k redukci modrého DCPIP na
bezbarvou redukovanou formu.

Vsechny testované vzorky slivovice vykazovaly ptitomnost aldehydi nejen dle méfeni
s enzymem, ale i pii vyuziti referenéni metody HPLC. Nejcastéji detekovanymi aldehydy byly
acetaldehyd, furfural, hydroxymethylfurfural, formaldehyd, benzaldehyd, butanal, pentanal ¢i
hexanal. Dalsim krokem v nasi praci bude méfeni s redlnymi vzorky lihovin. V nasledujicim obdobi
bude provedeno méfeni i s dal§imi druhy napoju.
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