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1 Abstrakt

V roce 1999 vysla publikace (Brown et al., 1999), ve které byly u Trichomonas
vaginalis popsany dva nové enzymy karbohydratového metabolismu, tzv. alternativni
oxidoreduktazy 2-keto kyselin (KOR). Podle autorGi jsou tyto enzymy plné aktivni
v trichomonadéach rezistentnich k metronidazolu, jako substrat pfednostné metabolizuji
indolpyruvat a, na rozdil od pfibuzné pyruvat:feredoxin oxidoreduktazy (PFO), nepouZzivaji
feredoxin jako elektronovy akceptor. Brown et al. navrhovali, Ze by KOR mohly pfedstavovat
nadhradni zdroj energie pro trichomonddy rezistentni k metronidazolu, jez eliminovaly
katabolismus pyruvatu v hydrogenosomech.

V praci z roku 2012 jsme zjistili, Ze aktivita KOR byla zplisobena neenzymatickou
redukeci nitrotetrazoliové modii (NBT) pomoci indolpyruvatu a Tritonu X-100 pouzivaného
pro piipravu membranovych frakei. Méfeni aktivit v celkovém lyzatu trichomonad prokazalo,
ze indolpyruvat je metabolizovan pomoci PFO, coz bylo potvrzeno v pokusech
s purifikovanym enzymem. Domnéld aktivita alternativnich oxidoreduktdz 2-keto kyselin
v bunikdch trichomonad rezistentnich k metronidazolu byla zplsobena experimentalnim

artefaktem a tyto enzymy u 7. vaginalis neexistuji.



Abstract

In 1999, Brown et al reported that Trichomonas vaginalis possesses two new enzymes
of carbohydrate metabolism, alternative 2-keto acid oxidoreductases (KOR). These enzymes
preferentially used indolepyruvate in a reaction that resembled that of pyruvate:ferredoxin
oxidoreductase (PFO). However, the KOR did not use ferredoxin as electron acceptor and
remained active in metronidazole-resistant trichomonads lacking PFO. Therefore, it was
proposed that the KORs may help trichomonads to survive in the presence of metronidazole.

In the study from 2012, we showed that the apparent KOR activity was caused by the
non-enzymatic reduction of the indicator dye, nitroblue tetrazolium (NBT),
by indolepyruvate, which is facilitated by Triton X-100 used to prepare the membrane
fractions. The low level indolepyruvate-dependent activity that is present in 7. vaginalis
strains sensitive to metronidazole is catalyzed by PFO, which was verified using the pure
enzyme. Presumed activity of alternative 2-keto acid oxidoreductases was caused by

an experimental artifact and these enzymes do not exist in 7. vaginalis.



2 Uvod

Trichomonas vaginalis je biCikaty anaerobni prvok, ktery zplsobuje sexudlné
pfenosné onemocnéni trichomonidzu. Jedna se o nej€astéjSi urogenitalni infekci nevirového
pivodu clovéka s odhadem vice nez 280 milionti novych ptipadt kazdy rok (WHO, 2008).

Jakozto anaerobové nemaji trichomonady typické respirujici mitochondrie. Misto nich
vlastni organely mitochondridlniho typu, hydrogenosomy (Miiller, 1993). Hydrogenomosy
dostaly své jméno podle jednoho z konecnych produktl jejich metabolismu, vodiku
(Lindmark a Miiller, 1973).

Role hydrogenosomtl spociva mj. v tvorbé Fe-S center, probihaji zde nékteré reakce
energetického metabolismu (tzv. ,,extended glycolysis®) a tyto organely obsahuji také enzymy
potiebné k odstrafiovani nebezpecnych ROS — Reactive Oxygen Species (reaktivni slou¢eniny
kysliku). Substraty pro energeticky metabolismus hydrogenosomti pochézeji z glykolyzy
probihajici v cytosolu. Jeden zkliCcovych enzyml v metabolismu hydrogenosoml je
pyruvat:feredoxin oxidoreduktdza (PFO), neboli pyruvat syntdza (Yoon ef al., 1997). Enzym
katalyzuje reverzibilni oxidativni dekarboxylaci pyruvatu na CO,, acetyl-CoA a 2 elektrony.
Akceptorem uvolnénych elektronti je elektrontransportni protein [2Fe-2S] feredoxin.
Feredoxin nésledn¢ odevzdava elektrony [FeFe] hydrogendze (Payne et al., 1993), ktera
redukuje protony za vzniku molekuldrniho vodiku a zaroven dochézi k reoxidaci feredoxinu.
Acetyl-CoA je dale pfeménén pomoci enzymu acetat:sukcinat-CoA transferazy (ASCT)
na kone¢ny produkt metabolismu acetat a vedlejsi produkt sukcinyl-CoA (Jenkins et al.,
1991). Sukcinat thiokindza (STK, téZ sukcinyl-CoA syntetdza) preménuje sukcinyl-CoA
na sukcinat, energie thioesterové vazby je v tomto kroku konzervovdna a dochazi
k substratové fosforylaci ADP na ATP.

V genomu 7. vaginalis bylo identifikovano celkem sedm gent pro PFO (Carlton et al.,
2007). Tyto geny byly pojmenovany PFO A, B1, B2, C, D, E a F, pfi¢emz patrn¢ vSechny
jsou ve ,,wild type* buitkdch exprimovany. Na zdklad¢ celkové podobnosti primarni struktury
miZzeme rozdélit tyto paralogy do 2 skupin — (1) PFO A, B1 a B2, (2) PFO C, E, F a pon¢kud
et al.,2007).

PFO je protein nachylny k inaktivaci kyslikem, asociovany s wvnitini
hydrogenosomalni membranou. Kyslik poskozuje Fe-S centra proteinu oxidaci zeleza, coz
vede k nestabilit¢ a rozpadu enzymu (Lindmark a Miiller, 1973; Outten, 2007). PFO je

homodimerni protein obsahujici patrné Ctyfi [4Fe-4S] centra (avSak pocet center zatim nebyl



jednoznacné stanoven) a nekovalentné véazany tiamin pyrofosfat. Nativni molekulova
hmotnost tohoto enzymu je ptiblizn¢ 240 kDa (Williams et al., 1987).

PFO je dle vSeobecné pfijimaného konceptu jeden z klicovych enzymt vystupujici pii
aktivaci antimikrobidlnich 1é¢iv proti trichomonidze 5-nitroimidazolti, mezi které patii i
metronidazol. Toto lé¢ivo vstupuje do bunék trichomonad pasivni difuzi (Miiller a Lindmark,
1976) a akumuluje se v hydrogenosomu, kde probihd také jeho aktivace. V pfitomnosti
metronidazolu nejsou uvolnéné elektrony vzniklé pti dekarboxylaci pyruvatu predany enzymu
hydrogendze, ale pravé tomuto IléCivu, které je redukovdno na cytotoxickou formu,
pravdépodobné nitroradikalovy aniont a dal$i redukéni meziprodukty s kratkou Zivotnosti
(nitroso radikal, hydroxylamin) (Edwards, 1993a). Ptedpoklad4 se, ze predevSim vysoce
reaktivni nitro radikal poskozuje DNA, proteiny a lipidy a v diisledku zptsobuje bunécnou
smrt.

Jiz n€kolik let po prvni aplikaci metronidazolu proti trichomonidze byl pozorovan
vznik rezistence u Trichomonas vaginalis k tomuto lé¢ivu (Edwards, 1993b). Rezistenci
k metronidazolu jde u T. vaginalis navodit také in vitro, a to pii dlouhotrvajici kultivaci
v médiu se subletalni koncentraci metronidazolu, pfi které postupné dochdzi k podstatnym
metabolickym zmé&ndm v cytosolu a v hydrogenosomech trichomonad. Pro plnou rezistenci
trichomonad k metronidazolu musi byt odstranény klicové drdhy aktivace metronidazolu
zahrnujici pfedev$im PFO a feredoxin, ale také hydrogenazu, jable¢ny (malic) enzym a
NADH:feredoxin oxidoreduktdzu (rudimentarni homolog respiraéniho komlexu I). V kone¢né
fazi vyvoje rezistence, tzv. anaerobni rezistenci, je tedy aktivita PFO v podstat¢ nulova
(Kulda, 1999). Trichomonady rezistentni k metronidazolu kompenzuji ztratu energie
pramenici z poklesu aktivit hydrogenosomdlnich enzymi zvySenou aktivitou cytosolickych
enzymu laktadt dehydrogendzy, pyruvat kindzy a NADP-dependentniho jable¢ného enzymu
(Kulda, 1999).

V roce 1999 vysla publikace (Brown et al.,, 1999), ve které byly popsany
u Trichomonas vaginalis dva nové enzymy karbohydratového metabolismu, tzv. alternativni
oxidoreduktazy 2-keto kyselin (KOR1 a KOR2). Podle autori jsou tyto enzymy
pravdépodobné plné aktivni v trichomonadach rezistentnich k metronidazolu, na rozdil
od hydrogenosomalniho enzymu pyruvat:feredoxin oxidoreduktazy. Tyto enzymy patrné
nepieddvaji ze substratu uvolnéné elektrony feredoxinu, a tudiz nedojde k reduktivni aktivaci
metronidazolu (Brown et al., 1999). Brown et al. navrhovali, ze by KOR mohly ptfedstavovat
pro trichomonady rezistentni k metronidazolu alternativni zpasob, jak syntetizovat

v hydrogenosomu ATP. Acyl-CoA, ktery by se tvofil v reakci katalyzované pomoci KOR, by



mohl byt zpracovan enzymy ASCT a STK za vzniku ATP. Oba tyto enzymy zlistavaji aktivni
1 v trichomondadéch rezistentnich k metronidazolu (Ellis ef al., 1992). Aryl-CoA, produkovany
také pomoci KOR, by patrné téz mohl byt vyuzit k tvorbé energie v zatim nedefinované draze
(Brown et al., 1999).

Dle autorti tyto enzymy pravdépodobné metabolizuji, stejné jako PFO, Sirokou S§kélu
substratd, jako napf. pyruvat, a-ketobutyrat ¢i a-ketomalonat, a také deaminované formy
aromatickych aminokyselin, napf. indolpyruvat ¢i fenylpyruvat. Podle autort citované prace
jsou KOR diky témto aktivitim nezbytné pro pfeziti trichomondd rezistentnich
k metronidazolu, jez maji defektni energeticky metabolismus pyruvatu v hydrogenosomech.
KOR jim umoziuji syntetizovat ATP na ucet jinych substrati a pfedstavuji pro trichomonady
alternativni zdroj energie. Pti pozd¢jsi analyze genomu trichomonad ovSem nebyly nalezeny
geny jinych oxidoreduktaz alfa ketokyselin, nez pravé sedm jiz zminénych paralogi PFO
(Carlton et al. 2007). Jiné enzymy potencidlné schopné katalyzovat vySe uvedené reakce nez
pravé paralogy PFO nebyly identifikovany ani v proteomu hydrogenosomt (Schneider et al.

2011).

Na zaklad¢ publikace (Brown et al, 1999) bylo mym cilem charakterizovat
alternativni oxidoreduktazy 2-keto kyselin (KOR) v bunkach 7. vaginalis a urcit jejich vztah
k enzymu pyruvét:feredoxin oxidoreduktaize D. Udajné KOR byly nalezeny pomoci
biochemickych metod. V pokusech bylo ukazino, Ze se tyto KOR vyskytuji pfevazné
v membranovych frakcich a jako substrat preferuji indolpyruvat. Vzhledem k primarni
struktute PFOD, zna¢né¢ odlisné od ostatnich paralogii PFO jsem piedpokladala, Ze by tento
protein mohl metabolizovat néktery ze substratii identifikovanych ve zminéné publikaci a tedy

pfedstavovat n€kterou z identifikovanych alternativnich oxidoreduktdz 2-keto kyselin.

V mych pokusech byl zpracovavan celkovy lyzat trichomonad a hydrogenosomy
purifikované pomoci izopyknické centrifugace na gradientu Percollu. Ptiprava
membranovych frakci byla reprodukovéana dle publikace autort Brown et al. s jedinym
rozdilem, kdy detergent pouzity pro primarni solubilizaci membran byl 0,5% oktylglukosid
misto 0,5% dodecylglukosidu. Jednotlivé frakce byly separovany pomoci nedenaturujici
elektroforézy. Pro vizualizaci aktivity KOR byl gel inkubovan v anaerobnim pufru bez
B-merkaptoetanolu s 10 mM indolpyruvatem, 200 uM CoA a 2 mg/ml nitro blue tetrazolium
(NBT). Ptitomnost aktivity byla prokédzana redukci NBT na modry formazan v gelu (obr. 1).



Draha 1 na obrazku 1 ptedstavuje celkovy lyzat 7. vaginalis s 1% Tritonem X-100 a
draha 2 ¢isté hydrogenosomy obsahujici 1% Triton X-100 inkubované dle publikovaného
postupu. V obou pfipadech je jasn¢ viditelny signal, coz odpovida datim ze zminéné
publikace. Jako negativni kontrola (obr. 1, drdha 3) byly pouzity ¢ist¢é hydrogenosomy
obsahujici 1% Triton X-100 inkubované bez koenzymu A, esencidlniho kofaktoru
enzymatické reakce katalyzované PFO i KOR (tato kontrola nebyla v publikaci pouzita). Z
obrazku je ziejmé, ze také doSlo k barevné reakci v gelu. Zjisténi, ze by data publikovana
autory Brown et al. nemusela byt vysledkem enzymatické aktivity KOR, vedla k néslednym
pokusiim. Na obrazku 1, drdha 4 je znazornén gel s hydrogenosomy s 1% Tritonem X-100,
ktery byl po ukonceni elektroforézy zahtivan pii 70 °C po dobu 30 minut a nasledné
inkubovan s indolpyruvatem, CoA a NBT. Zahfivani gelu mélo za cil denaturaci proteint,
pfesto je na obrazku jasné patrny signal. Jako kontrola, Ze k denaturaci enzyma skute¢né
doslo, byla stanovena aktivita hydrogenosomalniho jablecného enzymu. Spektrofotometrické
méfeni ukézalo, Ze je tento enzym po 30 minutich inkubace v 70 °C neaktivni. Jako dalsi
negativni kontroly ndm poslouzily lidské ¢ervené krvinky smichané s 1% Tritonem X-100 a
Cisty vzorkovy pufr pro nativni elektroforézu obsahujici 1% Triton X-100 (obr. 1, drdha 5, 6).
Oba vzorky byly inkubovany s indolpyruvatem, NBT a bez CoA.

Vysledky jasné ukazuji, Ze doSlo k vytvofeni modrého formazanu. Cisté
hydrogenosomy s 1% Tritonem X-100 inkubované v anaerobnim pufru s CoA, NBT
a bez indolpyruvatu nevykazovaly zddnou barevnou reakci (obr. 1, draha 7). A stejné¢ tomu
bylo iu hydrogenosomli bez Tritonu X-100 inkubovanych s indolpyruvatem, NBT a CoA
(obr. 1, draha 8).



Obr. 1: Nedenaturujici elektroforéza membranovych frakei 7. vaginalis. Dréhy 1, 2 a 4
byly inkubovany s kompletni reakéni smési — indolypyruvat, NBT, CoA. Vysveétlivky:
1, celkovy lyzat T. vaginalis s 1% Tritonem X-100; 2, ¢isté hydrogenosomy obsahujici
1% Triton X-100; 3, ¢isté hydrogenosomy obsahujici 1% Triton X-100 inkubované bez CoA;
4, ¢isté hydrogenosomy obsahujici 1% Triton X-100 zahtivané po ukonceni separace proteinil
30 minut pii 70 °C; 5, lidské ¢ervené krvinky s 1% Tritonem X-100 inkubované bez CoA;
6, vzorkovy pufr obsahujici pouze 1% Triton X-100 inkubovany bez CoA; 7, Cisté
hydrogenosomy s 1% Tritonem X-100 inkubované bez indolpyruvatu; 8, Cisté
hydrogenosomy bez Tritonu X-100.

Tyto vysledky, naznacujici, Ze barevnd reakce v gelu je artefakt nesouvisejici
s enzymovou aktivitou, vedly k dal§im ovéfovacim pokusiim. V aerobni kyveté byl smichan
ve 2 ml fosfatového pufru 5 mM indolpyruvat a 1 mg/ml NBT. Po pfidani nékolika mikrolitra
10% Tritonu X-100 doSlo béhem kratké chvile k vyraznému modro-fialovému zbarveni
smési. Nebyl-1i ke smési pfidan Triton X-100, probéhla barevna reakce v fddech minut. Pokud

byla misto pufru pouzita voda, k barevné reakci nedoslo.

Pii anaerobnim spektrofotometrickém méteni enzymatické aktivity celkového lyzatu
rezistentnich trichomonad obsahujiciho 1% Triton X-100 s methyl viologenem jako

akceptorem elektroni a indolpyruvatem také nebyla naméfena zadna aktivita. Pfi méfeni



aktivity s celkovym lyzatem parentnich trichomondd byla pozorovana indolpyruvat-
a CoA-dependentni redukce methyl viologenu. Tato aktivita dosahovala pfiblizn€ 5% aktivity
enzymu PFO méfené za stejnych podminek s pyruvatem. Pro kontrolu byla aktivita zméfena
také s purifikovanou hydrogenosomalni PFO a indolpyruvatem. A skute¢né, methyl viologen
byl redukovan, a to s podobnou ucinnosti jako pii pouziti celkového lyzatu parentniho kmene
trichomonad Tv 10-02 a indolpyruvatu.

Brownem et al. identifikovand aktivita alternativnich oxidoreduktaz 2-keto kyselin
v bunikach trichomonad rezistentnich k metronidazolu tedy nebyla prokézana. Redukce NBT
na modro-fialovy formazan je vyvoldna neenzymatickou reakci s indolpyruvatem
v ptitomnosti Tritonu X-100. Skutec¢nost, Ze latky obsahujici aromaticky indolovy kruh (tedy
1 indolpyruvat) dokazi redukovat tetrazoliové soli, potvrdila i dostupna literatura (Glenner et
al., 1960). T. vaginalis tedy nevlastni alternativni oxidoreduktazy, které by
v hydrogenosomech pftispivaly k energetickému metabolismu, a neni tfeba patrat po zdroji
nekonvencénich substrat hydrogenosomalniho metabolismu (indolové slou€eniny) ani po
neznamych akceptorech elektrond, které by neredukovaly metronidazol, jak navrhovali

Brown et al. VSechny tyto vysledky byly shrnuty v publikaci Zednikova et al., 2012.
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ABSTRACT

Trichomonas vaginalis has been reported to possess alternative 2-keto acid oxidoreductases (KORs).
These enzymes preferentially used indolepyruvate in a reaction that resembled that of pyru-
vate:ferredoxin oxidoreductase (PFO). However, the KORs did not reduce ferredoxin and remained active
in metronidazole-resistant trichomonads lacking PFO. Therefore, it was proposed that the KORs may help
trichomonads to survive in the presence of metronidazole. The KORs were identified using activity stain-
ing on native gels (Brown DM, Upcroft JA, Dodd HN, et al. Alternative 2-keto acid oxidoreductase activities
in T. vaginalis. Mol Biochem Parasitol 1999;98:203-14). In the current study, we showed that the apparent
KOR activity was caused by the non-enzymatic reduction of the indicator dye, nitroblue tetrazolium, by
indolepyruvate, which is facilitated by Triton X-100 used to prepare the membrane fractions. We could
not confirm the presence of KORs in metronidazole-resistant T. vaginalis. The low level indolepyruvate-
dependent activity that is present in T. vaginalis strains sensitive to metronidazole is catalyzed by PFO,
which was verified using the pure enzyme. Therefore, our results suggest that alternative 2-keto acid
oxidoreductases do not exist in T. vaginalis.

© 2011 Elsevier B.V. All rights reserved.

Trichomonas vaginalis is a flagellated protist belonging to the
supergroup Excavata. It causes the most common non-viral gen-
itourinary infection of humans and has a worldwide annual
incidence of up to 170 million cases [1]. Trichomonas is an
unusual eukaryote that is a fermentative anaerobe with hydrogeno-
somes instead of typical mitochondria. Hydrogenosomes are
mitochondrion-related organelles that lack a genome and form
hydrogen by reacting protons with electrons that are derived from
metabolized substrates, such as pyruvate and malate. The pro-
duction of hydrogen is catalyzed by a hallmark hydrogenosomal
enzyme, the hydrogenase. The electron donor in this reaction is
the reduced form of the electron carrier [2Fe2S] ferredoxin, which
is reduced by another typical hydrogenosomal enzyme, pyru-
vate:ferredoxin oxidoreductase (PFO) [2]. A two-subunit remnant
of respiratory complex 1 also donates electrons to ferredoxin by
oxidizing NADH [3]. PFO is a Fe-S protein that mediates the oxida-
tive decarboxylation of pyruvate and forms acetyl coenzyme A in
a CoA-dependent reaction [4]. Acetyl-CoA serves as a substrate
for ATP synthesis via succinyl coenzyme A in reactions that are
catalyzed by acetate/succinate CoA transferase and succinate thiok-
inase [2].

In 1999, new enzymes involved in T. vaginalis carbohydrate
metabolism were added to the existing list. These enzymes were
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called alternative 2-keto acid oxidoreductases (KOR1 and KOR2)
and were identified using biochemical methods, which showed
that KOR1 and KOR2 resided in the membrane (predominantly
the hydrogenosomal membrane) fractions [5]. Similar to PFO,
these enzymes were reported to utilize 2-keto acids includ-
ing deaminated forms of aromatic amino acids (indolepyruvate,
phenylpyruvate) in a CoA-dependent reaction. However, unlike
PFO, KOR1 and KOR2 were found to be equally active in trichomon-
ads that are highly resistant to metronidazole, which is a widely
used drug that targets anaerobic pathogenic microorganisms [5].
Laboratory-derived T. vaginalis strains with extreme metronida-
zole resistance (growing in >100 g ml—! metronidazole) lack PFO
and other hydrogenosomal proteins (hydrogenase, malic enzyme,
ferredoxin) and exhibit altered carbohydrate metabolism [6]. By
oxidatively decarboxylating pyruvate, PFO generates low-redox-
potential electrons that are transferred to the nitro group of
metronidazole via ferredoxin, reducing this nitro group to form
cytotoxic products, including the reactive nitro-anion radical
intermediate. Elimination of the PFO- and ferredoxin-dependent
pathway of the reductive activation of metronidazole is a charac-
teristic feature for laboratory-derived Trichomonas strains that are
resistant to metronidazole. However, the elimination of PFO pre-
vents acetyl coenzyme A formation and consequently ATP synthesis
in the hydrogenosomes [7]. The reported presence of alternative
2-keto oxidoreductases in trichomonads was proposed to account
for the energy balance while avoiding metronidazole reduction
by replacing ferredoxin with an unidentified electron acceptor, to
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broaden the spectrum of known catabolic substrates, circumvent
the loss of PFO and help resistant trichomonads survive in the
presence of the drug [5]. The identification of alternative 2-keto oxi-
doreductases in trichomonads was based on in-gel activity assays
using indolepyruvate as a substrate and nitroblue tetrazolium
(NBT) as a reducible acceptor. Tetrazolium dyes are commonly
used in assays of the metabolic activity of tissues, cells or isolated
proteins that reduce an electron-transporting cofactor (usually
NAD™* or NADP*). This cofactor then reduces the soluble, colorless
or weakly colored tetrazolium salt, yielding an intensely dark-
colored insoluble formazan [8]. When used with non-denaturing
polyacrylamide gels containing separated proteins, this so-called
histochemical staining can be used to detect and distinguish a wide
variety of redox enzymes that use the same oxidizable substrate
but differ in their electrophoretic mobilities. The enzymatic activ-
ity is visualized as a colored band that forms in the gel upon its
incubation in a suitable buffer containing a substrate, all necessary
cofactors and tetrazolium dye.

As presented in the original report, bands corresponding to
the suspected indolepyruvate-dependent activity were observed in
non-denaturing gels used to separate T. vaginalis membrane frac-
tions that had been treated with Triton X-100 (KOR1) followed by
1M sodium acetate (KOR2). The bands were interpreted as indi-
cating the presence of 2-keto acid oxidoreductases, so far in T.
vaginalis unknown enzymes. These enzymes were similar to PFO
based on their requirement for coenzyme A but differed from PFO
based on the electrophoretic mobility, detergent solubility (KOR1),
requirement of an electron acceptor other than ferredoxin and
maintenance of the enzymatic activity in metronidazole-resistant
trichomonads.

A draft of the T. vaginalis genome sequence was published in
2007 [9]. While providing an invaluable inventory of the cod-
ing potential of T. vaginalis (the genome size is estimated to
be approximately 160 mega bases), the annotation, among other
features, revealed that many Trichomonas proteins are coded by
multi-gene families. This finding is also valid for the proteins that
constitute the core hydrogenosomal catabolic pathway, includ-
ing PFO, ferredoxin, hydrogenase, malic enzyme and others that
are coded by 7-9 distinct genes [9]. With the genome sequence
available, we decided to re-address the question of the existence
of alternative 2-keto oxidoreductases, because the corresponding
proteins/genes have not been identified. We speculated that some
of the more divergent PFO-like genes may code for the proteins
with the observed activity. We reproduced the described proce-
dure for the preparation of membrane fractions of T. vaginalis
(strain T1, provided by J.H. Tai, Institute of Biomedical Sciences,
Taipei, Taiwan) [5] using the whole-cell lysate or Percoll-purified
hydrogenosomes as the starting material [10] because KORT1 activ-
ity was proposed to predominantly reside in the hydrogenosomes
[5]. The only difference from the described protocol was the use
of 0.5% octylglucoside instead of 0.5% dodecylglucoside to wash
the membranes obtained from the starting material in the assay
buffer (50mM Hepes, pH 7.5, 200 wM thiamine pyrophosphate,
2.5mM MgCl; and 5 mM (3-mercaptoethanol) [5]. The supernatant
from the octylglucoside wash was discarded, and the resulting
pellet (corresponding to 10-20 ml of culture with approximately
3 x 10% cellsml~! or hydrogenosomes that were purified from 21
of T. vaginalis culture) was extracted for 30 min on ice with approx-
imately 400 .l of the assay buffer containing 1% Triton X-100 and
then centrifuged at 100000 x g for 40 min. A total of 10-30 wl of
the resulting supernatant was loaded onto a non-denaturing poly-
acrylamide gel (Laemmli system without SDS, using 5% stacking gel
and 9% separating gel, acrylamide:bisacrylamide ratio of 37.5:1).
The gel was run with cooling for approximately 4 h, washed and
incubated in assay buffer without 3-mercaptoethanol as previously
described [5]. The staining solution (10 ml) contained 200 .M CoA,

5mM indolepyruvate and 1 mgml~! NBT. Within minutes, dark-
blue bands with a trailing smear appeared in the gel (Fig. 1, lanes
1, 2). (For interpretation of the references to color in this text, the
reader is referred to the web version of the article.) However, the
negative control, which lacked the necessary cofactor coenzyme A,
produced the same result (Fig. 1, lane 3). Realizing that the color
development may not have been the result of enzymatic activ-
ity, we performed another control in which the gel was heated at
70°C for 30 min after the completion of electrophoresis. The stain-
ing pattern was identical to that using the non-denatured sample
(Fig. 1, lane 4). The enzyme inactivation by this treatment was ver-
ified by the complete inactivation of the hydrogenosomal malic
enzyme, which is the most abundant hydrogenosomal membrane-
associated protein and is easily detected by in-gel activity staining
[11,12] (not shown). Additional controls using indifferent protein
sample rich in membranes (human red blood cells mixed with
Laemmli sample buffer with 1% Triton X-100 and without SDS and
reducing agent) or the sample buffer containing only 1% Triton X-
100 without any protein produced colored bands in the gel after
staining with indolepyruvate (Fig. 1, lanes 5 and 6, respectively).
The staining pattern was also dependent on the amount of loaded
protein. Less protein yielded sharper bands and reduced the trail-
ing smear (not shown). Controls omitting indolepyruvate in the
incubation assay mixture or Triton X-100 in the sample did not
display detectable staining (Fig. 1, lanes 7 and 8, respectively). We
then set up the reaction in a test tube, mixing NBT (1 mgml-1)
with indolepyruvate (5 mM) in PBS (phosphate-buffered saline, pH
7.4). Upon addition of few microliters of 10% Triton X-100, the
mixture rapidly turned violet-brown, demonstrating that the non-
enzymatic reduction of NBT yielding formazan is greatly stimulated
by Triton X-100. Subsequently, we reviewed the available literature
resources and found that the non-enzymatic reduction of tetra-
zolium salts with indoleacetaldehyde, a compound that contains an
indole bicyclic aromatic ring identical to that in indolepyruvate, has
been observed in studies using the monoamine oxidase histochem-
ical detection system with tryptamine as a substrate. However, the
exact chemistry of this NBT reduction has not been studied [13].
In addition, the enhancing effect of Triton X-100 on tetrazolium
salt reduction has been described as well [14,15]. It was proposed
that univalently reduced, uncharged tetrazolium radicals rapidly
partition into Triton X-100 micelles which greatly increases their
local concentration and stimulates the formation of pigmented for-
mazan [14]. Therefore, we inferred that the stained bands in the
native gels are caused by the non-enzymatic reduction of NBT by
indolepyruvate, which was stimulated by Triton X-100 that was
possibly bound to hydrophobic proteins. Triton X-100 alone, which
is a nonionic detergent, did not migrate into the gel and pro-
moted formazan formation at the bottom of the sample-loading
well (Fig. 1, lane 6).

The previous study claimed that KORs using indolepyruvate as
a substrate remained equally active in the highly metronidazole-
resistant T. vaginalis strain and that the enzymes used methyl
viologen, benzyl viologen and NBT as acceptors with equal effi-
ciency [5]. We used the Triton X-100-treated lysate of the T.
vaginalis strain TV 10-02 MR 100, which lacks PFO [6] and has a
similar level of metronidazole resistance as the strain used in the
original study, to verify the reported KOR activity with indolepyru-
vate. We employed the standard, anaerobic spectrophotometric
assay with methyl viologen as an acceptor [16]. We were unable
to detect any indolepyruvate-dependent activity (not shown).
Using the same assay and the lysate from metronidazole-sensitive
strain T1, we observed an indolepyruvate- and CoA-dependent
reduction of methyl viologen, which amounted to approximately
5% of the activity of PFO with pyruvate (not shown). To verify
that this indolepyruvate-dependent activity was catalyzed by the
known hydrogenosomal PFO, we used the highly purified enzyme
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Fig. 1. Non-denaturing polyacrylamide gel electrophoresis of T. vaginalis membrane fractions. The gel was developed using the assay buffer (see text for composition)
containing 5mM indolepyruvate, 200 .M CoA and 1 mgml~' NBT unless specified otherwise. Approximately 15-50 p.g of protein was loaded per lane. Lane 1, whole T.
vaginalis cells that were lysed with 1% Triton X-100. Lane 2, Percoll-purified hydrogenosomes with 1% Triton X-100. Lane 3, Percoll-purified hydrogenosomes with 1%
Triton X-100. The incubation mixture did not contain CoA. Lane 4, Percoll-purified hydrogenosomes with 1% Triton X-100. The gel slice was heated at 70 °C for 30 min after
electrophoresis and before staining. Lane 5, human red blood cells with 1% Triton X-100. The incubation mixture did not contain CoA. Lane 6, Laemmli sample-loading buffer
with 1% Triton X-100 and without protein. Lane 7, Percoll-purified hydrogenosomes with 1% Triton X-100. The incubation mixture did not contain indolepyruvate. Lane 8,

Percoll-purified hydrogenosomes without Triton X-100.

[17] in the subsequent assay. Indeed, the purified PFO displayed
indolepyruvate-dependent activity, which was 4.5% of the PFO
activity with pyruvate (not shown).

In summary, we must conclude that the previously described
activities of alternative 2-keto acid oxidoreductases that use
indolepyruvate as a preferred substrate were artifacts that were
caused by the non-enzymatic conversion of NBT into formazan by
indolepyruvate in the presence of Triton X-100 due to the chem-
istry that has been already described. Likely, no such enzymes exist
in T. vaginalis, because we were unable to detect this activity in
metronidazole-resistant cells lacking PFO using a standard assay
with methyl viologen as an acceptor. The low level indolepyruvate-
dependent activity that was found in metronidazole-sensitive
trichomonads was catalyzed by hydrogenosomal PFO, which has
been previously characterized.
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