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Abstract 

 Quinone reductases (QR) are flavin dependent enzymes present in bacteria, fungi, 

plants and mammals. QR were shown to prevent quinone mediated oxidative stress by 

catalyzing the obligatory two electron reduction of quinones to hydroquinones, thereby 

preventing the formation of semi quinone radicals. Recently, it was proposed that two QR, Lot6p 

from the yeast Saccharomyces cerevisiae and NAD(P)H:quinone oxidoreductase 1 (NQO1) 

from humans function as regulators of the 20S proteasome. These QR were shown to bind the 

20S proteasome and prevent the in vitro ubiquitin independent degradation of the transcription 

factors Yap4p and p53, respectively. Currently, structural information detailing the mode of QR 

interaction with the 20S proteasome and transcription factors is lacking.  

 In order to structurally characterize Lot6p’s interaction with the 20S proteasome, three 

amino acid residues at the proposed interaction site were exchanged to generate variants, 

Lot6p N96C, W97A and G98L. Two variants, Lot6p N96C and G98L, were unable to bind the 

FMN cofactor. Probably these variants are not able to bind the 20S proteasome, since it was 

previously shown that apo-Lot6p is unable to bind the 20S proteasome. The variant Lot6p 

W97A retains the FMN cofactor and exhibits similar FMN reductase activity compared to Lot6p. 

However, Lot6p W97A was unable to bind the 20S proteasome and the reasons for this are still 

unexplained. Simultaneously, the in vivo role of Lot6p in the regulation and ubiquitin 

independent degradation of Yap4p was also studied. It has been shown that intracellular levels 

of Yap4p are independent of Lot6p and also that ubiquitination is essential for the degradation 

of Yap4p. However, it is still not clear if an alternate in vivo mechanism exists where Yap4p is 

degraded in an ubiquitin independent manner. 

 NQO1 is known to regulate the ubiquitin independent degradation of tumour suppressors 

(e.g. p53, p33 and p73). Contrastingly, a prevalently occurring variant (NQO1*2, NQO1 P187S) 

is known to be dysfunctional in its enzymatic and interaction properties. However, the exact 

structural and biochemical basis for the dysfunctionality of NQO1 P187S was not known. We 

have shown for the first time that the amino acid exchange P187S destabilizes a crucial 

interdomain contact between the C-terminal domain and the core domain. The destabilization of 

the interdomain contact consequently compromises the FAD cofactor binding and catalytic 

efficiency leading to the loss of function. 
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Kurzfassung 

Chinon-Reduktasen (QR) sind flavinabhängige Enzyme, welche in Bakterien, Pilzen, 

Pflanzen und Säugetieren gefunden werden. Es konnte gezeigt werden, dass QR den durch 

Chinone ausgelösten oxidativen Stress verringern können, indem sie die Bildung eines 

radikalischen Semichinons verhindern. Kürzlich wurde gezeigt, dass die QR, aus 

Saccharomyces cerevisiae (Lot6p) und die im Menschen vorkommende NAD(P)H:Chinon 

Oxidoreduktase 1 (NQO1) als Regulatoren des 20S-Proteasos fungieren. Darüber hinaus 

konnte gezeigt werden, dass diese zwei QR in vitro an das 20S-Proteasom binden und den 

Ubiquitin-unabhängigen Abbau von Transkriptionsfaktoren (z.B. Yap4p in der Hefe bzw. p53 

beim Menschen) beeinflussen. Derzeit gibt es keine strukturellen Informationen über die 

genaue Interaktion der QR mit dem 20S-Proteasom sowie den Transkriptionsfaktoren. 

 

 Um die molekularen Wechselwirkungen von Lot6p mit dem 20S-Proteasom zu 

charakterisieren wurden drei Aminosäuren an der vermuteten Interaktionsstelle 

ausgetauscht. Es konnte gezeigt werden, dass zwei dieser Varianten, Lot6p N96C und 

G98L, den FMN-Kofaktor nicht binden können. Nachdem bereits bekannt ist, dass Apo-Lot6p 

nicht an das 20S-Proteasom binden kann, ist auch bei diesen beiden Varianten eine Bindung 

mit hoher Wahrscheinlichkeit auszuschließen. Lot6p W97A hingegen behält die Fähigkeit 

FMN zu binden und zeigt auch eine, dem Wildtyp vergleichbare, FMN-Reduktase-Aktivität. 

Trotzdem konnte Lot6p W97A nicht an das Proteasom binden – hierbei sind die Ursachen 

jedoch noch unbekannt. Parallel dazu wurde auch die Rolle von Lot6p im vom Ubiquitin 

unabhängigen Abbau von Yap4p in vivo untersucht. Es erwies sich, dass der intrazelluläre 

Yap4p-Level von Lot6p unabhängig ist und die Ubiquitinierung für den Abbau von Yap4p 

essentiell ist. Jedoch bleibt weiterhin unklar ob ein alternativer, ubiquitin-unabhängiger, 

Abbauweg ebenfalls für Yap4p in vivo existiert. 

 

 NQO1 wurde als Regulator für den  Ubiquitin-unabhängigen Abbau von 

Tumorsuppressoren (z. B. p53, p33 und p73) identifiziert. Eine häufig auftretende Variante 

des Enzyms (NQO1*2, NQO1 P187S) ist sowohl in den enzymatischen als auch 

regulatorischen Eigenschaften dysfunktional. Bisher waren die strukturellen und 

biochemischen Ursachen für diese Dysfunktionalität unbekannt. Wir konnten nun erstmals 

zeigen, wie der Aminosäureaustausch eine wichtige Kontaktstelle zwischen der Kerndomäne 

und der C-terminalen Domäne des Proteins destabilisiert. Diese Störung der Kontaktstelle 

der beiden Domänen schwächt die Bindung des FAD-Kofaktors und die Effizienz der 

katalytischen Eigenschaften, was in weiterer Folge zum Funktionsverlust des Proteins führt. 
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Introduction to this thesis 

 Flavoproteins are ubiquitous proteins involved in a wide range of biological processes 

ranging from electron transport, cofactor synthesis, light emission and DNA repair. 

Flavoproteins typically contain a flavin mononucleotide (FMN) and/or flavin adenine dinucleotide 

(FAD) coenzyme bound to the protein either covalently or non-covalently. Otto Warburg and 

collaborators discovered the first flavoprotein from Saccharomyces cerevisiae called “yellow 

ferment” which was later renamed as OYE (Old yellow enzyme). Since the discovery of OYE, 

numerous flavoproteins (374 until the year 2011) were discovered in all forms of life. The 

information regarding flavoproteins is dispersed throughout the literature. For the first time this 

thesis reviews the flavoproteomes of model organism Saccharomyces cerevisiae and Homo 

sapiens sapiens in detail. Two flavoproteins, Lot6p from S. cerevisiae and NAD(P)H:quinone 

oxidoreductase (NQO1) from H. sapiens sapiens were of particular interest in the context of this 

thesis. 

 This thesis is divided into six chapters and the information provided in each chapter is 

briefly summarized below.  

Chapter I reviews the flavoproteome of the yeast S. cerevisiae. This chapter discusses the 

discovery, general aspects of the yeast flavoproteome and also provides a general overview on 

the role of yeast flavoproteins in iron metabolism, redox balancing and flavin biosynthesis. 

Furthermore, a overview table listing all yeast flavoproteins identified so far is presented along 

with an additional overview of yeast flavoproteins used as models for studying human diseases. 

Chapter II discusses the role of yeast quinone reductase Lot6p in regulation of 20S proteasome. 

Information regarding the biochemical characterization of Lot6p variants, Lot6pN96C, Lot6p 

W97A, and Lot6p G98L is presented in this chapter. This chapter also discusses the interaction 

properties of Lot6p W97A with the 20S proteasome. 

Chapter III discusses the in vivo role of Lot6p in the regulation of bZIP transcription factor 

Yap4p. This chapter also provides information regarding the involvement of Yap4p in oxidative 

and osmotic stress conditions. Additionally, information regarding the degradation pathways of 

Yap4p is also provided. 

Chapter IV describes the human flavoproteome. This chapter provides cumulative information 

regarding the role of flavoproteins in the biosynthesis of various cofactors, e.g. folate, heme, 

pyridoxal 5’-phosphate, coenzyme-A and coenzyme-Q. Tabular forms listing all the human 
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flavoproteins identified and the human flavoproteins involved in diseases and syndromes are 

also presented. 

Chapter V & VI detail the biochemical and structural characterization of two naturally occurring 

human NQO1 variants, NQO1 P187S and NQO1 R139W. Chapter V provides conclusive 

biochemical and structural evidence explaining the loss of function in NQO1 P187S variant. 

Chapter VI provides the current status of the NQO1 R139W characterization together with 

details of further experiments which will be performed in the near future. 

 

2



The flavoproteome of the yeast Saccharomyces cerevisiae 

 

 

 

 

Author contributions 

 

 The idea to write this review article was conceived by Peter Macheroux. Peter 

Macheroux wrote the sub section introduction to the history of flavoprotein discovery. 

Karin Koch compiled the list of flavoproteins. The list was further verified and validated 

by me. Karin Koch and Wolf-Dieter Lienhart wrote the sub section on flavin biosynthesis 

and transport. I wrote the subsection and compiled the list of yeast flavoproteins as 

models for human diseases. All the authors contributed equally to the remaining 

sections of manuscript. 

 

3



Review

The flavoproteome of the yeast Saccharomyces cerevisiae☆

Venugopal Gudipati, Karin Koch, Wolf-Dieter Lienhart, Peter Macheroux ⁎

Graz University of Technology, Institute of Biochemistry, Petersgasse 12, A-8010 Graz, Austria

a b s t r a c ta r t i c l e i n f o

Article history:

Received 4 November 2013

Received in revised form 18 December 2013

Accepted 21 December 2013

Available online 27 December 2013

Keywords:

Iron metabolism

Mitochondrion

Redox balance

tRNA-modifications

Membrane transporters

Genome analysis of the yeast Saccharomyces cerevisiae identified 68 genes encoding flavin-dependent proteins

(1.1% of protein encoding genes) to which 47 distinct biochemical functions were assigned. The majority of fla-

voproteins operate in mitochondria where they participate in redox processes revolving around the transfer of

electrons to the electron transport chain. In addition, we found that flavoenzymes play a central role in various

aspects of iron metabolism, such as iron uptake, the biogenesis of iron–sulfur clusters and insertion of the

heme cofactor into apocytochromes. Another important group of flavoenzymes is directly (Dus1-4p and

Mto1p) or indirectly (Tyw1p) involved in reactions leading to tRNA-modifications. Despite thewealth of genetic

information available for S. cerevisiae, we were surprised that many flavoproteins are poorly characterized bio-

chemically. For example, the role of the yeast flavodoxins Pst2p, Rfs1p and Ycp4p with regard to their electron

donor and acceptor is presently unknown. Similarly, the function of the heterodimeric Aim45p/Cir1p, which is

homologous to the electron-transferring flavoproteins of higher eukaryotes, in electron transfer processes occur-

ring in themitochondrial matrix remains to be elucidated. This lack of information extends to the fivemembrane

proteins involved in riboflavin or FAD transport as well as FMN and FAD homeostasis within the yeast cell. Nev-

ertheless, several yeast flavoproteins, were identified as convenient model systems both in terms of their mech-

anism of action as well as structurally to improve our understanding of diseases caused by dysfunctional human

flavoprotein orthologs.

© 2013 The Authors. Published by Elsevier B.V. All rights reserved.

1. Introduction to the history of Flavoprotein discovery

The yeast Saccharomyces cerevisiae played a central role in the

discovery of flavoproteins as Otto Warburg and his collaborators

were the first to isolate a “yellow ferment” from yeast cells [1]. Fur-

ther studies by Theorell led to the concept of reversible association

of co-enzyme and apo-enzyme to form the active holo-enzyme [2].

The isolation of other (new) yellow ferments from yeast prompted

the renaming of the original ferment in to “old yellow ferment”

(old yellow enzyme = OYE) [3]. Although it was demonstrated

that OYE is reduced by NADPH [1,4] the physiological electron

accepting substrate(s) remains uncertain despite its reported role

in the maintenance of the cytoskeleton [5]. This may have contributed

to the persistent use of OYE instead of the official classification as

NAD(P)H dehydrogenase (EC 1.6.99.1).

Despite the elusive nature of the physiological substrate(s), OYE

rapidly developed in to an important model flavoenzyme culminat-

ing in the determination of the nucleotide sequence of oye2 and

oye3 as well as the elucidation of its three-dimensional structure by

X-ray crystallography [6–8]. The detailed biochemical characterisa-

tion of OYE also led to the identification of a number of artificial

substrates, such as N-ethylmaleimide, cyclohex-2-enone and

nitroolefins [8–10]. All of these substrates share a common structural

motif consisting of an electron-withdrawing group (e.g. a carbonyl

or nitro group) in α-position of a carbon–carbon double bond. The

remarkably broad range of accepted substrates rendered OYE an

ideal tool for biocatalytic applications exploited in numerous studies

[11–15]. These efforts were further stimulated by the discovery of

OYE homologs in many eubacteria as well as plant species in the

1990s [16–23]. Plant OYE homologs were of particular interest be-

cause of their well-defined role in the biosynthesis of the plant hor-

mone jasmonate, which plays a crucial role in the plant's defense

response to pathogens [24,25]. In all reported cases, the natural sub-

strates exhibited the structural motif discovered in previous studies

with yeast OYE. Hence, the yeast enzyme also became the paradigm

for the class of “ene-reductases” nowwidely used for the synthesis of

a variety of useful chemicals. Curiously, the broad range of activated

“enes” accepted by OYEs as substrates is in stark contrast to its

Biochimica et Biophysica Acta 1844 (2014) 535–544

Abbreviations: DHAP, dihydroxy acetone phosphate; DHBP, 3,4-dihydroxy-2-

butanone-4-phosphate; DRAP, 2,5-diamino-6-(ribosylamino)-4-(3H)-pyrimidinone 5′-

phosphate; ER, endoplasmic reticulum; ETC, electron transport chain; Gly3p, glycerol 3-

phosphate; gluSA,γ-glutamic acid semialdehyde;Mia(40),mitochondrial intermembrane

space import and assay/oxidoreductase 40; ORF, open reading frame; Q, ubiquionone
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Table 1

Yeast flavoproteins and genes.

No. E.C. Enzyme Cofactor Structure clan (family)a Localization Abbrev. Syst. name

1 1.1.2.3 L-Lactate:cytochrome c oxidoreductase

(flavocytochrome b2)

FMN/heme TIM_barrel (FMN_dh) Mito. intermembr. sp. cyb2 YML054C

2 1.1.2.4 D-Lactate dehydrogenase FAD/heme – I. mito. membr. dld1 YDL174C

Mito. matrix dld2 YDL178W

Cytoplasm dld3 YEL071W

3 1.1.3.37 D-Arabino-1,4-lactone oxidase 8α-(N3-His)

-FAD

FAD_PCMH O. mito. membr. alo1 YML086C

4 1.1.5.3 Glycerol-3-phosphate dehydrogenase FAD NADP_Rossmann (DAO) I. mito. membr. gut2 YIL155C

5 1.3.1.90 tRNA dihydrouridine synthase FMN TIM_barrel (Dus) Nucleus dus1 YML080W

Nucleus/cytoplasm dus2 YNR015W

Nucleus/cytoplasm dus3 YLR401C

– dus4 YLR405W

6 1.3.3.1 Dihydroorotate dehydrogenase FMN TIM_barrel (DHO_dh) Cytoplasm ura1 YKL216W

7 1.3.3.4 Protoporphyrinogen IX oxidase FAD NADP_Rossmann

(Amino_oxidase)

I. mito. membr. hem14 YER014W

8 1.3.3.6 Acyl-CoA oxidase FAD Acyl-CoA_dh (ACOX, acyl-

CoA_dh_1)

Peroxisome pox1 YGL205W

9 1.3.5.1 Succinate dehydrogenase 8α-(N3-His) NAPH_Rossmann I. mito. membr. sdh1 YKL148C

Flavoprotein subunit A -FAD/2Fe-2S/ (FAD_binding_2) sdh1b YJL045W

– Protein required for flavinylation of sdh – – I. mito. membr. emi5 YOL071W

10 1.4.1.14 NAD-dependent glutamate synthase FMN/3Fe-4S Glu_synthase/

Glu_syn_central

Mito. matrix glt1 YDL171C

11 1.4.3.5 Pyridoxal 5′-phosphate oxidase FMN FMN-binding Mito. intermembr. sp. pdx3 YBR035C

Pyridoxine 5′-phosphate oxidase (Pyridox_oxidase)

12 1.4.3.17 Polyamine oxidase FAD NADP_Rossmann cytoplasm fms1 YMR020W

(FAD_binding_2)

13 1.5.1.20 Methylenetetrahydrofolate reductase FAD FAD_oxidored (MTHFR) – met12 YPL023C

Mito. met13 YGL125W

14 1.5.5.1 Electron-transferring flavoprotein-

ubiquinone oxidoreductase

FAD/4Fe–4S 4Fe–4S (ETF_QO) I. mito. membr. cir2 YOR356W

15 – Electron transferring flavoprotein FAD FAD_DHS (ETF_alpha) Mito. matrix aim45 YPR004C

16 1.5.99.8 Proline dehydrogenase FAD FAD_oxidored (Pro_dh) Mito. matrix put1 YLR142W

17 1.6.2.2 Cytochrome-b5 reductase FAD FAD_Lum_binding ER & o. mito. membr. cbr1 YIL043C

(FAD_binding_6) ER & plasma membr. pga3 YML125C

18 1.6.2.4 NADPH-hemoprotein reductase FMN/heme Flavoprotein

(Flavodoxin_1)

O. mito. membr., ncp1 YHR042W

(cytochrome P450 reductase) FAD FAD_Lum_binding ER & plasma membr.

(FAD_binding_1)

19 1.6.5.2 NAD(P)H quinone oxidoreductase FMN Flavoprotein

(Flavodoxin_2)

cytoplasm lot6 YLR011W

20 1.6.5.9 NADH-ubiquinone oxidoreductase (rotenone-

insensitive)

FAD/Fe-S NADP_Rossmann

(Pyr_redox_2)

I. mito. membr. ndi1 YML120C

21 1.6.99.1 NADPH dehydrogenase FMN TIM_barrel

(Oxidored_FMN)

Cytoplasm oye2 YHR179W

oye3 YPL171C

22 1.–.–.– External NADH dehydrogenase FAD – I. mito. membr. nde1 YMR145C

I. mito. membr. nde2 YDL085W

23 1.6.–.– NADPH-dep. diflavin oxidoreductase FMN Flavoprotein

(Flavodoxin_1)

Mito. matrix tah18 YPR048W

FAD FAD_Lum_binding

(FAD_binding_1)

24 – 5-Carboxymethylaminomethylation of uri-

dine (heterodimer with Mss1p)

FAD GIDA Mito. mto1 YGL236C

25 – Wybutosine biosynthesis, a tRNA-

modification

FMN/4Fe–4S Flavoprotein ER tyw1 YPL207W

26 1.8.1.2 Sulphite reductase (beta subunit) FMN/heme Flavoprotein

(Flavodoxin_1)

Cytoplasm met5 YJR137C

FAD FAD_Lum_binding

(FAD_binding_1)

27 1.8.1.4 Dihydrolipoyl dehydrogenase FAD NADP_Rossmann Mito. matrix lpd1 YFL018C

(Pyr_redox_2)

28 1.8.1.7 Glutathione-disulfide reductase FAD NADP_Rossmann

(Pyr_redox_2)

Cytoplasm & mito. glr1 YPL091W

29 1.8.1.9 Thioredoxin-disulfide reductase FAD NADP_Rossmann

(Pyr_redox_2)

Cytoplasm & mito.

intermembr. sp.

trr1 YDR353W

Cytoplasm & mito. trr2 YHR106W

30 – Microtubule associated protein FAD NADP_Rossmann? cytoplasm irc15 YPL017C

(Pyr_redox_2) microtubule

31 1.8.3.2 Sulfhydryl oxidase FAD/Fe–S cluster/ Erv1_Alr Mito. intermembr. sp. erv1 YGR029W

Heme ER membr. erv2 YPR037C

32 1.8.4.- Endoplasmic oxidoreductin 1 FAD Ero1 ER & ER membr.e ero1 YML130C

33 1.14.12.17 Nitric oxide oxidoreductase FAD/heme FAD_Lum_Binding Cytoplasm yhb1 YGR234W

(flavohemoglobin) (FAD_binding_6) Mito. matrix

34 1.14.13.– Oxidase of thiols in the ER FAD – ER membr. fmo1 YHR176W

35 1.14.13.9 Kynurenine 3-monooxygenase FAD O. mito. membr. bna4 YBL098W

536 V. Gudipati et al. / Biochimica et Biophysica Acta 1844 (2014) 535–544
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invoked physiological role as a reductase of disulphide bonds in ox-

idatively damaged proteins of the cytoskeleton, such as actin [5].

2. General aspects of the yeast flavoproteome

The yeast genome contains 68 genes encoding for a flavin-

dependent protein and thus 1.1% of all yeast proteins (5885

protein-encoding genes [26]) have a requirement for either FMN or

FAD. Owing to the presence of several flavoprotein families, which

will be discussed further below, these 68 genes give rise to 47 de-

fined biochemical roles. Thirty-five flavoproteins require FAD (74%)

and fifteen require FMN (26%). Yeast also possesses three diflavin

enzymes, which harbor both FMN and FAD (Table 1). The utilization

of FMN and FAD in yeast flavoproteins is very similar to the distribution

found in a global analysis across all kingdoms of life [27] and does not

have the bias towards FAD as found for the human flavoproteome

[28]. Covalent flavinylation, which is statistically found in ca. 10% of fla-

voproteins, is underrepresented in the yeast flavoproteome with only

two enzymes, succinate dehydrogenase (Sdh1p) and L-arabinono-1,4-

lactone oxidase (Alo1p) featuring a covalent bond between the N(3)-

nitrogen of a histidine residue and the 8-methyl group of the isoalloxa-

zine ring system (Table 1). Both of these enzymes operate in yeast

mitochondria and are located in the inner (Sdh1p) and outer (Alo1p)

membrane. The scarcity of covalent flavoproteins is linked to the rela-

tive absence of the structural clan FAD_PCMH (with the exception of

Alo1p), which features many examples of mono- and even bi-covalent

flavinylation [27,28].

Structural information through X-ray crystallographic analysis is

available for about one third of yeast flavoproteins listed in Table 1

(plain font in column “Structure clan/family”). In addition, the

three-dimensional structure can be inferred from the known struc-

ture of homologs from other species (italics in column “Structure

clan/family”). In some cases the structure of yeast flavoproteins

served as paradigms for a family of enzymes, for example yeast

OYEs [6,29] and more recently kynurenine monooxygenase [30].

The general difficulties to elucidate the structure of integral or mem-

brane associated proteins is also seen for flavoproteins (see Table 1).

Table 1 also provides information on the localisation of flavoproteins

in the yeast cell. More than half of yeast flavoproteins (36 entries in

Table 1) operate in themitochondrion.Many of these are directly partic-

ipating in redox reactions connected to the electron transport chain

(ETC) (see also next section). Seventeen flavoproteins are located in

the cytoplasm and only a few in the nucleus (Dus1-4p, Phr1p, Aif1p),

endoplasmic reticulum (Aim14p, Cbr1p, Erg1p, Ero1p, Erv2p, Fmo1p,

Ncp1p, Pga3p, Tyw1p) or the peroxisome (Pox1p). Requirement for

the same flavoenzyme activity in different cellular compartments is ei-

ther satisfied by expression of isozymes (e.g. Dld1-3p are found in either

the cytoplasm, the innermitochondrialmembrane or thematrix) or the

same flavoenzyme is present in multiple compartments (e.g. Cbr1p,

Pga3p, Ncp1p, Trr1/2p, Yhb1p, Fas1p, Phr1p, Aif1p).

3. Flavoproteins, the stewards of iron

A remarkable result of our analysis concerns themulti-layered re-

lationship between flavins and iron. As discussed in more detail in

the next section, flavin-dependent ferric reductases (Fre1p-8p) are

essential for reduction of ferric iron (and copper), which is prerequi-

site for iron (and copper) uptake by yeast transporters (permeases).

Moreover, in several flavoproteins the flavin is responsible for the re-

duction of either heme iron or an iron–sulfur cluster (Table 1 and

Scheme 1). Prominent examples include succinate dehydrogenase

(Sdh1p), (Aim1p), nitric oxide oxidoreductase and L-lactate:cyto-

chrome c oxido reductase (flavocytochrome b2). In addition to this

intramolecular electron transfer, two yeast flavoproteins, Cyc2p

and Tah18p, are involved in intermolecular electron transfer. In the

case of Cyc2p, which is located in the inner mitochondrial membrane

with its FAD-containing active site exposed to the intermembrane

space, the enzyme reduces Fe(III) and participates in the incorpora-

tion of the heme prosthetic group into apocytochrome c and c1

[31,32]. Similarly, the diflavin reductase Tah18p forms a complex

Table 1 (continued)

No. E.C. Enzyme Cofactor Structure clan (family)a Localization Abbrev. Syst. name

NADP_Rossmann

(FAD_Binding_3)

36 1.14.99.7 Squalene monooxygenase FAD – ER membr. erg1 YGR175C

37 1.14.99.- Monooxygenase in coenzyme Q biosyn. FAD – I. mito. membr. coq6 YGR255C

38 1.–.–.– Ferric reductase FAD/heme – Plasma membr. fre1 YLR214W

Plasma membr. fre2 YKL220C

Plasma membr. fre3 YOR381W

Plasma membr. fre4 YNR060W

Plasma membr. fre5 YOR384W

Vacuole membr. fre6 YLL051C

Plasma membr. fre7 YOL152W

– fre8 YLR047C

39 1.–.–.– NADPH oxidase FAD/heme – Perinucl. ER membr. aim14 YGL160W

40 1.–.–.– NAD(P)H-dep. heme reductase FAD – Inner mito. membr. cyc2 YOR037W

41 2.2.1.6 Acetolactate synthase FAD/TPP FAD_DHS

(TPP_enzyme_M)

Mito. ilv2 YMR108W

42 2.3.1.86 Fatty acid synthase, subunit β, chain I FMN Not reported Cytoplasm & mito. fas1 YKL182W

43 4.1.1.36 4′-Phosphopantothenoylcysteine

decarboxylase (forms a heterotrimeric

complex with Sis2p and Vhs3p)

FMN Flavoprotein Cytoplasm cab3 YKL088W

44 4.1.99.3 Deoxyribodipyrimidine photo-lyase FAD HUP (DNA_photolyase) Cytoplasm, mito. & nucleus phr1 YOR386W

45 4.2.3.5 Chorismate synthase FMN Chorismate_synt Cytoplasm aro2 YGL148W

46 – Flavodoxin-like protein FMN Flavoprotein

(Flavodoxin_1)

Cytoplasm, mito. pst2 YDR032C

– Flavodoxin-like protein FMN Flavoprotein

(Flavodoxin_1)

Cytoplasm rfs1 YBR052C

– flavodoxin-like protein FMN Flavoprotein

(Flavodoxin_1)

Cytoplasm, mito. ycp4 YCR004C

47 – Apoptosis-inducing factor FAD – O. mito. membr., plasma

membr. & nucleus

aif1 YNR074C

Abbreviations used in Table 1: biosyn., biosynthesis; dh, dehydrogenase; degr., degradation; dep., dependent; i., inner; ER, endoplasmic reticulum; mito., mitochondrion; o., outer;

perinucl., perinuclear; red., reductase; sp., space.
a Pfam classification given in plain text is for yeast proteins and those in italics are for homologs from other species.
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with Dre2p and provides electrons derived from NADPH to support the

biosynthesis of two iron–sulfur clusters [33]. Recently, Tah18p was re-

ported to be involved in NO generation in yeast and hence it is conceiv-

able that it has more clients than Dre2p [34]. Thus flavoproteins fulfill

various crucial tasks ranging from iron uptake, delivery of electrons to

the mitochondrial electron transport chain, reduction of cytochrome-

dependent reductases, biogenesis of iron–sulfur clusters and insertion

of the heme cofactor into apocytochromes.

4. Flavoprotein families in yeast

As mentioned above, the yeast flavoproteome contains several

families of flavoproteins, which catalyze identical or similar reac-

tions. The largest group are the ferric/cupric reductases encoded by

fre1-8 (see Table 1, entry 38). Fre1 and fre2 are metalloregulated by

either iron or copper availability and the encoded metalloreductases

reduce Fe(III) and Cu(II) at the expense of NADPH [35]. In addition to

fre1 and fre2, the yeast genome contains six homologous genes,

termed fre3-8. Fre3-6 are regulated by iron whereas fre7 is copper-

regulated [36,37]. Fre8 and the homologous aim14 are not regulated

by iron or copper suggesting a different role for these proteins [36].

Recently, it was demonstrated that aim14 encodes an NADPH-

oxidase, which produces superoxide in the endoplasmatic reticulum

[38] and it is thus conceivable that fre8 also encodes an enzyme with

similar properties. This notion is also supported by pair-wise se-

quence alignments showing the highest identity (30.6%) and simi-

larity (56.5%) on the amino acid level between fre8 and aim14

within this family of flavoproteins [36]. Again, these functions high-

light the importance of flavoenzymes for iron uptake and reduction

as introduced in the previous section.

The second largest family comprise four tRNA-dihydrouridine

synthases encoded by dus1-4 (Table 1, entry 5). The reduction of ura-

cils to dihydrouridines in tRNA is one of the most common modifica-

tions of nucleosides in tRNA in all kingdoms of life [39]. A recent

mechanistic study employing Dus2p revealed that reduction of uracil

to dihydrouracil (see Scheme 2, top) is promoted by other tRNA

modifications suggesting that tRNAmaturationmay occur in anordered

fashion [40]. Cytoplasmic tRNA in S. cerevisiae contains dihydrouridine

in the D loop at positions 16, 17, 20, 20A, 20B and at the base of the var-

iable arm at position 47. The four yeast enzymes exclusively reduce ura-

cils in specific positions in tRNA: Dus1p reduces uracils in positions 16

and 17, Dus2p in position 20, Dus3p in position 47 and Dus4p in posi-

tions 20a and 20b. Thus these four enzymes are sufficient to generate

all dihydrouridine modifications known in yeast [41]. In humans, only

one dihydrouridine synthase homologous to yeast Dus2p (42% identity)

was identified so far, which reduces uracil in tRNA for phenylalanine

[28,42]. The human enzyme appears to be upregulated inmalignant tis-

sues resulting in higher levels of dihydrouridine [42]. Despite its puta-

tive role in malignancy the specificity and exact role of the human

enzyme remains unclear.

In addition to reductionof uracil, theflavoenzymeMto1p (also termed

GidA) is involved in thebiosynthesis ofmodifications at the C5-position of

the uracil base in tRNAs [43,44]. Depending on the nitrogen source,

ammonia or glycine, this reaction leads to the formation of either 5-

aminomethyl- or 5-carboxymethylaminomethyluridine (Scheme 2,

bottom). Thismodification occurs at thewobble position inmitochondrial

tRNAs for lysine, glutamate and glutamine [44]. Detailed characterization

of the bacterial protein complex of MnmE and MnmG (homolog of

Mto1p) led to a mechanistic proposal in which the FAD-dependent

MnmG serves a dual function during the reaction [43,45]. In this model,

Scheme1. Flavoproteins inmitochondrial redox processes. Flavoproteins are represented by yellow spheres (soluble flavoproteins in thematrix or intermembrane space) or barrels (inner

or outermitochondrial membrane). Flavoproteins with a covalently bound FAD (Sdh1p in the inner and Alo1p in the outermembrane) are shown in light orange. Cytochrome c is shown

as a light green sphere. Curved blue arrows indicate redox reactions and straight arrows electron transfer. For further explanations and comments see main text. Several flavoproteins

appear to participate in a multi-protein complex in the inner mitochondrial membrane [57]. For clarity, we have shown only a complex consisting of Ndi1p, Nde1/2p and Gut1p. Abbre-

viations used are: DHAP, dihydroxy acetone phosphate; Gly3p, glycerol 3-phosphate; GluSA, γ-glutamic acid semialdehyde; Mia(40), mitochondrial intermembrane space import and

assay/oxidoreductase 40 (ox, oxidized; red, reduced); Q, ubiquionone.
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methylene tetrahydrofolate bound to MnmE reacts with either ammonia

or glycine to formamethylene aminogroup atN-5 of the tetrahydrofolate

cofactor. Then, FAD oxidizes the carbon–nitrogen bond to yield an imine,

which is then nucleophilically attacked by the uracil base of the tRNA sub-

strate. In the next step the reduced FAD transfers a hydride to the imine to

reduce the carbon–nitrogen double bond thus completing the biosynthe-

sis of the C-5 side chain (see Scheme 2). Thus MnmG combines two ca-

nonical flavin-dependent reactions – oxidation of amines and reduction

of double bonds – to catalyze the biosynthesis of the amino methyl or

carboxymethylaminomethyl side chain.

Recently, yet another flavin-dependent enzyme encoded by tyw1

(Table 1, entry 25) was discovered that catalyzes the second step in

the biosynthesis of wybutosine-modified tRNA [46]. This enzyme be-

longs to the radical SAM superfamily characterized by the presence of

a [4Fe–4S] cluster and a S-adenosylmethionine (SAM) domain [47]. Cat-

alytic activity requires reduction of the [4Fe–4S] cluster in order to ini-

tiate one-electron transfer for reductive cleavage of SAM to generate

the 5′-deoxyadenosyl radical [48]. In vivo, flavodoxins or ferredoxins

might act as potential electron donors to convert [4Fe–4S]2+ to [4Fe–

4S]+ and therefore it is conceivable that the N-terminal flavodoxin do-

main of Tyw1p relays electrons from an external electron donor such

as NAD(P)H or an electron transfer protein to the [4Fe–4S] cluster.

Such a functional role is supported by the finding that deletion of the

flavodoxin domain abolishes TYW1p activity [49].

Interestingly, the yeast genome contains three homologous genes,

pst1, rfs1 and ycp4 encoding three highly similar flavodoxin-like pro-

teins (Table 1, entry 46) [50]. Although none of the proteins was func-

tionally characterized with respect to their electron transfer properties

and physiological redox partners they were found to act as transcrip-

tional regulators of spi1, a gene responding to various environmental

stimuli [51]. The lack of information on yeastflavodoxins is very surpris-

ing in view of the abundance of structural (148 structures of wild-type

and variants in the pdb) and biochemical studies available for bacterial

flavodoxins. Therefore, the current state of affairs for yeast flavodoxin-

like proteins is very unsatisfactory and clearly warrants further investi-

gations to define their biochemical and structural properties.

The family of D-lactate dehydrogenases comprising three enzymes,

Dld1-3p, will be discussed in the context of redox processes in the

next section.

5. Yeast flavoproteins in redox balancing

More than a quarter of yeast flavoproteins listed in Table 1 partic-

ipate in redox reactions in themitochondrion. As shown in Scheme 1,

transfer of electrons into the ETC can either occur through electron

donation to cytochrome c (cyt. c) in the intermembrane space or di-

rectly by reduction of ubiquinone to ubiquinol in the inner mito-

chondrial membrane. The latter route is clearly the dominating

process in yeast mitochondria. Electrons transferred to NAD+ in

the isocitrate, α-ketoglutarate and malate dehydrogenase reactions

of the tricarboxylic acid cycle enter the ETC. via the NADH:ubiqui-

none oxidoreductase Ndi1p (“internal NADH dehydrogenase”). In

contrast to complex I of higher eukaryotes this membrane-bound

enzyme does not engage in proton translocation resulting in lower

phosphorylation efficiency. Theoxidation of succinate to fumarate is cat-

alyzed by a canonical membrane-bound succinate dehydrogenase in

which the covalently linked FAD becomes reduced by the substrate

and the electrons are passed on to ubiquinone via an iron–sulfur cluster

and heme relay system. The Sdh1p subunit of yeast succinate dehydro-

genase (complex II) is one of only two flavin-dependent proteins

exhibiting a covalent linkage (see Table 1, entry 9). Typically, covalent

flavinylation is a spontaneous co- or posttranslational process. However,

in the case of Sdh1p the assistance of Emi1p (Sdh5p) is required, which

is conserved in higher eukaryotes and hence appears to be essential for

complex II assembly [52,53]. Yeast also possesses a heterodimeric elec-

tron transfer flavoprotein (Aim45p/Cir1p) located in the mitochondrial

matrix, which communicates with a membrane-bound electron trans-

ferringflavoprotein ubiquinoneoxidoreductase (Cir2p). The latterflavo-

protein feeds electrons received from Aim45p/Cir1p into the ETC. The

clients for Aim45p/Cir1p, however, remain elusive as most electron

donor proteins, such as the acyl-Co dehydrogenases involved in β-

oxidation or amino acid degradation, are not present in S. cerevisiae. A

potential candidate, L-proline dehydrogenase (Put1p), evidently feeds

electrons from L-proline oxidation directly into the ETC. by reduction

of ubiquinone to ubiquinol (see Scheme 1) [54].

Cytosolic NADH generated for example by the glycolytic enzyme

glyceraldehyde 3-phosphate dehydrogenase is oxidized by either

Nde1p or Nde2p (“external NADH:ubiquinone oxidoreductases”)

and the electrons serve to reduce ubiquinone (Scheme 1). The

Scheme 2. Flavoproteins in tRNA-modification. Top, reaction catalyzed by tRNA-dihydrouridine synthase (Dus1-4p); Bottom, reaction catalyzed by Mto1p/Mss1p. Depending on the co-

substrate, ammonia or glycine, the side chain in position 5′ of the uracil base is aminomethyl or carboxymethylaminomethyl. “R” represents the next 3′-nucleotide in the tRNAmolecule.
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mitochondrial ETC. can also be fuelled by the glycerol 3-phosphate

shuttle: glycerol is first phosphorylated by glycerol kinase (Gut1p)

in the cytosol and then transported to the intermembrane space to

become oxidized by the membrane-bound glycerol 3-phosphate de-

hydrogenase (Gut2p) [55,56]. Several of the membrane-bound fla-

voproteins involved in substrate oxidation and electron transfer

form a large supramolecular complex containing Nde1p, Nde2p and

Gut2p and therefore inter-protein electron transfer may also occur

prior to ubiquinone reduction [57].

Yeast possesses three D-lactate dehydrogenases (Dldp1-3, see

Table 1), which operate in different compartments of the cell:

Dld1p is located in the inner mitochondrial membrane, Dld2p in

the matrix and Ddl3 in the cytosol [58,59]. D-lactate is produced by

the glyoxalase pathway that detoxifies methylglyoxal adventitiously

generated by non-enzymatic elimination of hydrogen and phosphate

from the enediol intermediate of triose phosphates [60]. Since this

detoxification pathway is active in the cytosol and the mitochondrial

matrix D-lactate dehydrogenase activity is required in these com-

partments to oxidize D-lactate to pyruvate (Scheme 1). Oxidation

of D-lactate by the D-lactate dehydrogenase (Dld2p) localized in the

mitochondrial matrix is coupled to ATP synthesis and therefore

Dld2p apparently donates substrate-derived electrons to the ETC

[61]. However, it is currently unknown whether electrons are directly

used to reduce ubiquinone or transferred to the heterodimeric

Aim45p/Cir2p electron transfer complex (Scheme 1).

The involvement of flavoproteins in central mitochondrial redox

processes is also reflected by the fact that the flavin oxidation state

oscillates in synchronized aerobically grown yeast cultures. During the

oxidative phase of the culture the increase of flavin fluorescence indi-

cates thatmore flavoproteins becomeoxidizedwhereas in the reductive

phase of the internal rhythm a decrease of flavin fluorescence indicates

a shift to the reduced state [62,63].

6. Flavin biosynthesis and transport

The biosynthesis of riboflavin in S. cerevisiae utilizes the canonical

precursors, GTP and ribulose 5-phosphate. However, riboflavin biosyn-

thesis deviates from the bacterial pathway in that deamination and re-

duction of the initial metabolite, 2,5-diamino-6-(ribosylamino)-4-

(3H)-pyrimidinone 5′-phosphate (DRAP), take place in reverse order

(www.kegg.jp). Briefly, in the first step GTP is converted by GTP

cyclohydrolase II, encoded by rib1, to DRAP, which is reduced by Rib7p

to 2,5-diamino-6-(ribitylamino)-4-(3H)-pyrimidinone 5′-phosphate

(Table 2 and Scheme 3). This reaction is followed by deamination to

5-amino-6-ribitylamino-2,4-(1H,3H)-pyrimidinedione 5′-phosphate

catalyzed by Rib2p [64]. After dephosphorylation by an unidentified

phosphatase condensation with 3,4-dihydroxy-2-butanone-4-phos-

phate (DHAB) occurs. The latter metabolite is synthesized from ribulose

5-phosphate byDHBP synthase (encoded by rib3). The condensation re-

action is catalyzed by lumazine synthase (encoded by rib4) and yields

6,7-dimethyl-8-(1-D-ribityl)lumazine [65,66]. In the final reaction, ribo-

flavin synthase (encoded by rib5) uses two molecules of 6,7-dimethyl-

8-(1-D-ribityl)-lumazine where one acts as donor and the other as

acceptor of four carbon atoms leading to the generation of the isoallox-

azine ring of one molecule of riboflavin [67]. The coenzyme forms of

riboflavin, FMN and FAD, are synthesized from riboflavin by riboflavin

kinase (Fmn1p) and FAD synthetase (Fad1p), respectively [68,69].

In addition to de novo biosynthesis, yeast is also capable of riboflavin

uptake from the medium and it was shown that a plasma membrane

flavin transporter, encoded by mch5, is regulated by the proline-

dependent transcription factor Put3p [70,71]. Since proline utiliza-

tion depends on the FAD-dependent proline dehydrogenase Put1p

(Table 1) upregulation of Mch5p suggests that riboflavin uptake is

necessary under these conditions to meet the cellular demand for

flavin coenzymes.

Despite the wealth of genetic and biochemical information available

on riboflavin biosynthesis in the cytosol, transport to other compart-

ments, in particular themitochondrion as the dominant organelle for

flavoenzyme catalyzed reactions, remains controversial [53]. Based

on the finding that yeast mitochondria possess riboflavin kinase

but no FAD synthetase activity, Tzagaloff et al. [72] proposed a

model according to which the carrier protein Flx1p acts as a “flavin

antiporter” by exchanging FMN from the mitochondrial matrix

with FAD from the cytosol. In contrast to this model, Barile and co-

workers claim that riboflavin is transported into mitochondria

where both FMN and FAD can be synthesized and are even exported

back to the “extramitochondrial phase” [73,74]. More recent data

from Pallotta indicated that mitochondria can also hydrolyze FAD

and FMN to riboflavin and are thus capable of balancing the pools

of riboflavin, FMNand FAD [75]. Yeast FAD synthetase (Fad1p) is essential

and deletion of fad1makes yeast unviable. The localization of yeast FAD1p

is still unclear, although recent studies on human FAD synthetase isoform

1 (hFADS1) suggest a mitochondrial localization in eukaryotes [76].

In addition to flx1 andmch5, yeast possesses three flc genes encoding

putative transporters of flavins (Table 2). These transporters are re-

sponsible for FAD transport into the endoplasmic reticulum (ER)

where several flavoenzymes (e. g. Ero1p, Erv2p and Fmo1p) are in-

volved in the redox balance of thiols and disulfide linkages [77].

However, the exact role and localisation of Flc1-3p in yeast are cur-

rently not fully understood.

An alternative mechanism for assembling the holo-flavoenzyme

is realized for the sole peroxisomal flavoenzyme, acyl-CoA oxidase

Table 2

Yeast flavin transporters and biosynthesis.

No. E.C. Protein/enzyme Substrate/ligand Structure clan (family)a Abbrev. Syst. name

Transporters

1 – FAD transmembrane transporter FAD – flx1 YIL134W

2 – FAD transporter (into ER) FAD – flc1 YPL221W

3 – FAD transporter (into ER) FAD – flc2 YAL053W

4 – FAD transporter (into ER) FAD – flc3 YGL139W

5 – Plasma-membrane riboflavin transporter Riboflavin – mch5 YOR306C

Biosynthesis of riboflavin, FMN and FAD

1 3.5.4.25 GTP cyclohydrolase II (1st step) – GTP cyclohydrolase II rib1 YBL033C

2 1.1.1.302 DRAP reductase (2nd step) – DHFred (RibD_C) rib7 YBR153W

3 – Deaminase (3rd step) – DHFred (RibD_C) rib2 YOL066C

4 4.1.99.12 DHBP synthase (4th step) – DHBP_synthase rib3 YDR487C

5 2.5.1.78 Lumazine synthase (5th step) – DMRL_synthase rib4 YOL143C

6 2.5.1.9 Riboflavin synthase (6th step) – FAD_Lum_binding (Lum_binding) rib5 YBR256C

7 2.7.1.26 Riboflavin kinase Riboflavin Flavokinase fmn1 YDR236C

8 2.7.7.2 FAD-adenylyl transferase (synthetase) FMN HUP (PAPS_reduct) fad1 YDL045C

Abbreviations used in Table 2 are: DHBP, 3,4-dihydroxy-2-butanone-4-phosphate; DRAP, 2,5-diamino-6-ribosylamino-4(3H)-pyrimidinone 5′-phosphate.
a Pfam classification given in plain text is for yeast proteins and those in italics are for homologs from other species.
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(Pox1p). In this case, the holo-enzyme is formed in the cytosol, then

binds to the import receptor Pex5p and, following an unknown im-

port pathway, is transported into the peroxisome [78,79].

7. Yeast flavoproteins as models for human diseases

The yeast S. cerevisiae has been used as a model organism for

studying fundamental biological processes for some time [80]. In

1997, Botstein and colleagues showed that nearly 31% of yeast open

reading frames (ORF) have a homologue in mammalian genomes [81].

Since the number of annotated ORFs has almost doubled since 1997

this percentage is likely to have risen significantly. Moreover, an esti-

mated 30% of human genes implicated in human diseases have a yeast

homologue [82]. In a recent review, we have documented that fifty

human flavoproteins are implicated in human diseases [28]. As shown

in Table 3, nearly half of the disease-related human flavoproteins pos-

sess a yeast homologue. Interestingly, the majority of disease-related

human flavoproteins operate in the mitochondrion [28]. Owing to the

similarity of mitochondrial processes in eukaryotes it is conceivable

that the yeast homologs located in mitochondria (see Table 3) may be

particularly suitable as models for an improved understanding of

human mitochondrial diseases.

Functional assignments based on sequence similarity generated

ambiguities for several flavoproteins. For example, the yeast D-lactate

dehydrogenases (Dld1-3p) show remarkable similarity to human D-2-

hydroxyglutarate dehydrogenase and to a much lesser degree to

alkyldihydroxyacetone phosphate synthase. Similarly, the yeast gluta-

mate synthase, Glt1p, exhibits similarity to human dihydropyrimidine

dehydrogenase (see Table 3). On the other hand the yeast NAD(P)H:

quinone oxidoreductase Lot6p shows only a very low similarity to the

human ortholog (P = 1) although it possesses a similar structure and

function [83–86]. These examples illustrate the need for biochemical

characterization to provide a solid basis for comparative functional

studies.

Yeast deletion strains were also used as convenient models to in-

vestigate the impact of mutations discovered in human genes. Exam-

ples are deletions of the genes ura1, sdh1, ldp1 and coq6, leading to

auxotrophic yeast strains, which were complemented with the

orthologous human gene to investigate the functional impairment

of mutations [87–90]. Yeast was also utilized as a host for heterolo-

gous expression of the human gene encoding 3β-hydroxysterol

Δ24-reductase (DHCR24). Desmosterolosis, a rare autosomal reces-

sive disorder is caused by mutations in the gene encoding DHCR24.

Heterologous expression of the human DHCR24 gene bearing differ-

ent missensemutations confirmed their role in desmosterolosis [91].

A genetic screen in yeast suggested that kynurenine 3-

monooxygenase may be a useful therapeutic target for Huntington

disease [92]. This has prompted structural studies with the yeast en-

zyme leading to the elucidation of its X-ray crystal structure, which

may serve as amodel to investigate the structural basis of inhibitor bind-

ing [30]. Similarly, the crystal structure of the yeast flavin-containing

monooxygenase Fmo1p proved useful as a model to understand the

effect of mutations in human FMO3 that cause trimethylaminuria

(“fish-odor” syndrome) [93].

8. Concluding remarks

Our analysis of the yeast flavoproteome has highlighted the impor-

tance of flavin-dependent enzymes in mitochondrial redox processes.

Many of these mitochondrial enzymes have human homologs involved

in diseases and thus geneticallymanipulated yeast strains (e.g. gene de-

letions) have potential as convenientmodel systems. On the other hand,

Scheme 3. Biosynthesis of riboflavin in S. cerevisiae. GTP and D-ribulose-5-phosphate serve as building blocks for the biosynthesis of 5-amino-6-ribityl-aminouracil and 3,4-dihydroxy-2-

butanone-4-phosphate, respectively. These two compounds are then used by Rib4p to synthesize 6,7-dimethyl-8-ribityl lumazine. Two molecules 6,7-dimethyl-8-ribityl lumazine

areconverted by Rib5p to riboflavin and 5-amino-6-ribityl-aminouracil which serves again as substrate for Rib4p. This way all atoms of the dimethylbenzene moiety are derived from

3,4-dihydroxy-2-butanone-4-phosphate (colored in blue and green) while remainder of riboflavin is derived from GTP (colored in red).
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many yeast flavoenzymes are barely characterized with regard to their
biochemical properties, such as substrate specificity, kinetic parameters
and reaction partners. This deficit is clearly illustrated by the yeast
flavodoxin-like proteins and the electron-transferring flavoprotein,
none of which were characterized in any biochemical or structural de-
tail. Similarly, our understanding of riboflavin uptake and trafficking be-
tween cellular compartments as well as flavin homeostasis are at an
early stage necessitating further studies. Since these processes are also
poorly understood in humans, yeast lends itself as a valuable model or-
ganism to gain insight into uptake, transport and trafficking of this vital
vitamin.

9. Methods

The names and gene abbreviations of yeast flavoproteins were re-
cently compiled for a review article [27]. This list of flavoproteins
was updated using the information available in the Saccharomyces

genome database (http://www.yeastgenome.org/). This database
was also used to extract information on viability of gene knock-outs
and localisation of flavoproteins in the yeast cell. Structural information
was obtained from the protein database (http://www.pdb.org).
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Quinone reductases and their role in regulating 20S proteasome 

2.1 Introduction 

 Quinones are naturally occurring compounds present in all living organisms. Naturally 

occurring quinones mainly function as electron and proton carriers in photosynthesis 

(plastoquinone and phylloquinone) and respiratory electron transport chains (ubiquinones) 

(Figure 1). Ubiquinone (Coenzyme Q10) previously thought to be localized in the inner 

mitochondrial membrane was later shown to be localized in endoplasmic reticulum, golgi 

apparatus and lysosomes (1). The functional role of ubiquinone outside the mitochondrial 

membranes is currently unexplained. 

                                              

 Figure 1: Naturally occurring quinones involved in photosynthesis                                                   

 (plastoquinone and phylloquinone) and electron transport chain (ubiquinone). 

Quinones are broadly divided into two structural groups, naphthoquinones (vitamin K) and 

benzoquinones (ubiquinones and plastoquinones). Higher eukaryotes are only able to 

synthesize benzoquinones where as napthoquinones are mainly obtained through the diet or 
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obtained from intestinal symbiotic bacteria (2). Quinones generated from polycyclic aromatic 

hydrocarbons are abundant in all burnt organic material, including urban air particles, 

automobile exhaust, cigarette smoke and food products (3).  Quinones are reduced by one and 

two electrons to form semiquinone and hydroquinone respectively (figure 2).  

                     

 Figure 2: Benzoquinones can be reduced to semiquinones or hydroquinones. 

Formation of semiquinones is preferentially avoided both in prokaryotes and eukaryotes since 

they are prone to react with molecular dioxygen leading to the formation of superoxide radicals. 

Hydroquinones on the other hand are conjugated with glutathione or glucuronic acid and rapidly 

excreted. 

2.1.1 Quinone reductases are essential for combating oxidative stress  

 Quinone reductases (QR) are evolutionarily conserved enzymes present in bacteria, 

fungi, plants and mammals (4). These enzymes utilize a flavin coenzyme (FMN or FAD) for 

transferring a hydride from the electron donors (e.g.  NAD(P)H) to  the quinone substrate. 

Quinone reductases have a unique ability to transfer two electrons to a quinone thereby 

catalyzing the formation of completely  reduced hydroquinone without generation of 

semiquinone species (5). In contrast to quinone reductases, single electron oxidoreductases 

such as cytochrome P450 are able to reduce quinones to reactive semiquinone radicals which 

subsequently undergo redox cycling, leading to the production of highly reactive oxygen species 

(ROS). This leads to oxidative damage, tissue degeneration, apoptotic cell death, premature 

aging, cellular transformation and neoplasia (6). Hence quinone reductases are essential for 

combating oxidative stress by preventing the formation of ROS.  
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2.1.2 Yeast quinone reductase Lot6p 

 Yeast quinone reductase Lot6 (YLR011wp) was identified in a group of genes which are 

up-regulated in response to low temperature (7). Lot6p was shown to be homologue of Bacillus 

subtilis Yhda protein, whose function was unknown at that time but was later shown to be a 

quinone reductase (8). 

2.1.3 Biochemical and Structural properties of Lot6p 

 Biochemical studies showed that Lot6p reduces several electron accepting substrates 

such as ferricyanide and it was proposed that Lot6p  is involved in ferric iron assimilation (9). A 

later study showed that  is also efficient in reducing quinones to hydroquinones, hence 

establishing Lot6p as the first quinone reductase of Saccharomyces cerevisiae (10). Analysis by 

X-ray crystallography showed that Lot6p exists as a homodimer exhibiting a flavodoxin-like 

folding (9). A typical flavodoxin fold is characterized by a central five-stranded β-sheet  

sandwiched in between α helices (11).  Quinone reductases show remarkable conservation of 

flavodoxin-like folding, as shown in figure 3 with a central five stranded β sheet surrounded by α 

helices.  

 

 Figure 3: X-ray crystal structures of quinone reductases WrbA from E.coli, Lot6p  from       

 S. cerevisiae and NQO1 from H. sapiens.   
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Flavodoxins are named after small monomeric flavoproteins (15–22 kDa) that non covalently 

bind a single FMN molecule, function as electron transferases and  only found in certain 

bacteria, algae and yeast (12, 13). Bacterial Flavodoxins served as paradigms for studying 

various proteins involved in electron-transport systems belonging to higher eukaryotes, many 

multi domain eukaryotic proteins exhibit striking conservation of the bacterial flavodoxin FMN 

binding site (14). The folding of quinone reductases  is classified as flavodoxin-like  due to the 

absence of the flavodoxin key fingerprint motif ((T/S)XTGXT) usually involved in FMN 

phosphate binding (15). Quinone reductases exist as a dimers in solution which is also 

unexpected since most flavodoxin-like proteins are monomeric (16, 17). As shown in figure 4 

Lot6p exists as a dimer and each protomer binds to one FMN molecule (9). The phosphoribityl 

moiety of FMN cofactor is deeply buried in the protein, whereas the isoalloxazine ring remains 

partially accessible to the solvent. Each FMN is in contact with both subunits, and only 10% of 

its surface is solvent-accessible. In total, each FMN molecule forms 12 direct hydrogen bonds 

(Table I) (9).    

                 

 Figure 4: X-ray crystal structure of quinone reductase Lot6p. Both the protomers     

 are colored (blue and red) and represented (surface and cartoon). The FMN 

 cofactor present in the binding pocket is colored in yellow.  
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 Table 1: Amino acids from Lot6p backbone form 12 hydrogen bonds with the FMN 

 cofactor (9). 

 All living organisms encounter a variety of quinones both endogenous and exogenous. 

Quinone reductases exhibit broad substrate specificity, catalyzing the reduction of simple 

benzo-, naphtho-, and anthra- quinones, as well as complex molecules such as 

benzimidazolediones (18). Quinones reductases typically reduce a substrate by following ping-

pong bi-bi reaction mechanism, where the reducing agent binds first to the active site to deliver 

the electrons to the active-site cofactor and then dissociates before the electron-accepting 

substrate binds to the active site to sequester the electrons (19). Generally, the enzymes 

catalyzing substrates via ping-pong bi-bi reaction mechanism posses only one active site 

capable of binding two structurally different substrates. It generally implies that binding of one 

substrate excludes the binding of the other (20). Lot6p alike to quinone reductases follows a 

ping-pong bi-bi reaction mechanism (10). In the case of Lot6p, NAD(P)H binds to the active site 

to deliver electrons to the FMN cofactor and then disassociates before the quinone substrate 

binds to the active site to accept the electrons from the reduced FMN cofactor. 
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2.1.4 Physiological role of quinone reductase Lot6p 

 Human DT-diaphorase discovered by Ernster and Navazio was the first quinone 

reductase to be discovered (21). DT-diaphorase was subsequently renamed as NAD(P)H 

dehydrogenase [quinone] 1 (NQO1) due to its ability to accept electrons from both NADH and 

NADPH. The physiological role of quinone reductases is a topic of debate since the discovery of 

NQO1. Many proteins exhibit multiple biological roles, not only they function as enzymes but 

also participate in regulatory mechanisms (22). In addition to its function as a quinone 

reductase, NQO1 also binds to the 20S proteasome and affects the lifetime of several 

transcription factors (e.g. p53, p33 and p73) by inhibiting their ubiquitin-dependent and 

independent proteasomal degradation (23).  

 Lot6p is an orthologue of NQO1 , Lot6p exhibits both sequence (23%) and structural 

similarity to NQO1 (10). Akin to NQO1, Lot6p is shown to physically associate with the 20S 

proteasome in vitro and inhibit the degradation of transcription factor Yap4p by the 20S 

proteasome (24). Yap4p is a  member of the yeast activator protein (Yap) family involved in the 

oxidative and osmotic stress response (25). The interaction of Yap4p with Lot6p is dependent 

on the redox state of FMN cofactor, the complex formation between Lot6p-20S proteasome and 

Yap4p occurs only when the Lot6p bound FMN cofactor is reduced. The localization of Yap4p 

also depends on its interaction with Lot6p, when the flavin cofactor of Lot6p is oxidized Yap4p 

dissociates from Lot6p-20S proteasome present in the cytoplasm and migrates into the nucleus 

to initiate transcription (24). The ability of Lot6p and NQO1 to sense oxidative stress and initiate 

cellular responses through their interactions with transcription factors and proteasome has led to 

the proposal that they function as redox sensors of the cell (26).  

 The flavin binding active site of Lot6p was only studied so far in respect to its enzymatic 

function but not in respect to its role in protein interactions. As previously mentioned above, 

Yap4p dissociates from the Lot6p-20S proteasome complex when Lot6p is oxidized, thus it is 

conceivable that upon oxidation of the flavin cofactor conformational changes occur at the 

binding site which lead to the dissociation of Yap4p. In recent years mechanistic details have 

emerged about flavoproteins regulating protein-protein interactions by acting as redox switches. 

A flavin redox switch has been explained as a change in the conformation of a flavoprotein 

when the redox state of the  protein flavin cofactor is altered (27). The following flavoproteins, 

Pyruvate oxidase and proline utilization A (PutA) from E. coli and the photoreceptor Vivid (28–

30) from fungus Neurospora crass are previously shown to exhibit redox switching. In all the 
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above mentioned proteins it is shown that upon change in the redox state of flavin cofactor, the 

interactions between the flavin cofactor and protein back bone are altered, presumably leading 

to peptide plane flipping.  

 Peptide plane flipping is defined as  large scale rotation of the peptide plane that shifts 

the backbone dihedral angles φ and ψ at amino acid residue i and i+1 to different structural 

(stable) regions with relatively small effect on the orientation of side chains (31). Peptide plane 

flips are not only expected to play a much more important role during the early stages of protein 

folding, when the atoms of the peptide plane are not hydrogen-bonded to other parts of the 

polypeptide chain but also during the protein native state dynamics (31, 32). β-Turns are 

commonly occurring structural elements in protein structures that exhibit peptide plane flipping  

(33).  A β-turn consists of four consecutive residues defined by positions i, i+1, i+2, i+3 and the 

distance between i and i+3 is usually less than 7Å (34). β-Turns are stereochemically mobile 

and are capable of inter conversions between type I and type II turns by means of peptide plane 

flipping  (35).  

 Lot6p exhibits a typical β-turn near the FMN binding region comprising four amino acids 

tyrosine, asparagine, tryptophan and glycine at 95, 96, 97 and 98 respectively (Figure 5). The  

second and third amino acid in the β-turn, asparagine 96 and tryptophan 97 form four hydrogen 

bonds with the FMN cofactor (9). A β-turn (E104-G107) is also present in NQO1 at a similar 

position to that of Lot6p (figure 5). In a similar fashion to Lot6p the second and third amino acid 

tryptophan and phenylalanine of the β-turn form four hydrogen bonds with NQO1 bound FAD 

cofactor. 
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 Figure 5: Lot6p (left panel) and NQO1 (right panel) exhibit β-turns near                                 

 the cofactor binding site. The amino acids forming the β-turn are colored in green. 

 The N5 atom of the isoalloxazine ring forms the crucial hydrogen bond (yellow 

 dashed lines) with Lot6p N96 and NQO1 W105.  

 It is conceivable that the four amino acids comprising the β-turn exhibit a peptide flip 

dependent on the redox state of the FMN or FAD cofactor thereby affecting the stability of 

(Lot6p/NQO1)-20S proteasome or (Lot6p/NQO1)-20S-(Yap4p/p53) complex. In order to assess 

the role of the amino acids forming the β-turn three Lot6p variants (Lot6p N96C, Lot6p W97A 

and Lot6p G98L) were generated by directed mutagenesis. The aim of this project is to 

characterize the Lot6p variants in regard to their biochemical, structural and proteasome 

interaction properties. 
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2.2 Materials and methods 

Reagents  

 Unless stated otherwise all chemicals were of highest grade commercially available and 

were purchased either from Sigma-Aldrich (St. Louis, MO, USA), Fluka (Buchs, Switzerland), or 

Merck (Darmstadt, Germany). DNA primers were purchased from VBC-Biotech (Vienna, 

Austria), site-directed mutagenesis Kit was purchased from Stratagene (La Jolla, CA, USA). 

Site-directed mutagenesis 

 A pET21a plasmid encoding for Lot6 C-terminal His6 fusion protein (10) was used as a 

template for generating Lot6p variants. DNA primer design, experimental recipe, cycling 

parameters and restriction digestion were performed as per manufacturer’s instruction manual. 

The plasmids obtained after restriction digestion were used to transform E. coli TOP10 strain 

according to standard molecular biology protocols. The transformed E.coli were plated on 

lysogeny broth (LB) agar plates containing 100 µg/ml ampicillin and incubated at 37 °C for 16 

hours. A single E. coli colony from the transformation plates was used to inoculate 10 ml LB 

containing 100 µg/ml ampicillin and incubated at 37 °C for 16 hours while shaking at 130 rpm 

after which the cells were harvested. Plasmid DNA was isolated from the harvested cells and 

used for sequencing or transforming E.coli expression strains. 

Recombinant protein expression 

 Chemically competent E. coli BL21(DE3) cells were transformed with pET21a Lot6p or 

pET21a Lot6p_N96C or pET21a Lot6p_W97A or pET21a Lot6p_G98L plasmids and grown in 

similar conditions mentioned above. A single E.coli colony from the transformation plates was 

inoculated into LB medium containing 100 µg/ml ampicillin and incubated at 37 °C for 18 hours 

while shaking at 130 rpm to obtain preculture. The preculture was used for inoculating fresh 

lysogeny broth containing 100 µg/ml ampicillin to an optical density of 0.1 at 600 nm. The 

culture flasks were incubated at 37 °C while shaking at 130 rpm until the optical density has 

increased to 0.6-0.8 (Ca 4-6 hours). In order to induce protein expression isopropyl β-D-1-

thiogalactopyranoside (IPTG) was added to the cultures for a final concentration of 0.5 mM. The 

culture flasks expressing Lot6p G98L protein were shifted to 20 °C. The cultures were further 

incubated until the optical density has increased to 1.5-2 (ca 3-5 hours for Lot6p, Lot6p W97A, 
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Lot6p N96C and 15-17 hours for Lot6p G98L). The cells were harvested at 8,000 g for 10 

minutes. The cell pellets were resuspended in 0.9% saline and vortexed for 30 sec after which 

they are pelleted at 4,000 g for 20 minutes in 50 ml falcon tubes. The supernatant was 

discarded and the pellet was immediately used for protein purification or flash frozen in liquid 

nitrogen and stored at -70 °C. 

Note: The culture volumes were not mentioned since the volumes were variable depending on 

the expression and solubility level of a given protein. The expression and solubility level of any 

given protein was determined by performing an initial small scale experiment (ca. 50 ml culture 

volume).    

Protein purification 

 The cell pellets were resuspended in 50 mM NaH2PO4, 300 mM NaCl , 20 mM imidazole 

pH 8.00 (Buffer A) and lysed by sonication. A pinch of FMN was added to the cell lysate after 

which the lysate was incubated at 4 °C for 30 minutes. The cell lysate was centrifuged at 

30000g for 30 minutes. The supernatant was collected into 50 ml falcon tubes. The soluble 

protein from the supernatant was purified by using 5 ml HisTrap HP (GE health care) according 

to the manufacturer’s instructions. Buffer A was used as washing buffer, buffer A containing 300 

mM imidazole was used as elution buffer. All the purification steps were performed at 4 °C. The 

eluted protein was dialyzed into 50 mM NaH2PO4, 300 mM NaCl pH 8.00 and immediately used 

or flash frozen in liquid nitrogen and stored at -70 °C. 

FMN reductase activity assays 

 Lot6p and Lot6p W97A were assayed for FMN reductase activity in a reaction mixture (1 

ml of final volume) consisting of 150 µM NADPH, 100 µM FMN, and 0.24 µM enzyme in 25 mM 

Tris-HCl, pH 7.5 at 30 °C. Initially NADPH and buffer was added to both the measurement and 

reference cuvettes, at this point the enzyme is added to measurement cuvette and the spectrum 

is recorded for 100 sec. The recording is paused and FMN is added to both the cuvettes and 

mixed by pipetting and the recording is continued for 500 more sec. NADPH oxidization was 

followed by measuring the decrease in absorption at 340 nm.  
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2.3 Results 

 Three Lot6 variants (Lot6_N96C, Lot6_W97A and Lot6_G98L) were successfully 

generated by performing site directed mutagenesis (Figure 6). 

                   

Figure 6: Multiple alignment of the Lot6p variants. DNA sequence of Lot6 N96C, Lot6 

W97A and Lot6 G98L obtained after mutagenesis was translated into protein 

sequence with ExPASy DNA translate tool. The open reading frames were aligned 

against the Lot6p coding sequence using multiple sequence alignment tool (MultAlin). 

E.coli BL21(DE3) expression strain was used for expressing recombinant proteins Lot6p, 

Lot6p_W97A, Lot6p_N96C and Lot6p_G98L. In order to determine     appropriate conditions for 

protein expression, protein solubility screens were performed for Lot6p variants. Lot6p, 

Lot6p_N96C and Lot6p_W97A were expressed in soluble form at 37 °C where as Lot6p_G98L 

was only soluble at 20 °C (Figure 7).   
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Figure 7: Solubility screen of Lot6p variants. SDS-Page and western blot analysis of 

E. coli BL21(DE3) strains expressing Lot6p variants. The protein expression was 

below the threshold where it can be visualized by SDS-PAGE, so western blotting 

was performed with anti-Lot6p antibody. Lot6p, Lot6p_W97A and Lot6p_N96C were 

expressed in soluble form when expressed at 37 °C where as Lot6p_G98L is 

completely insoluble. 

 After determining the appropriate conditions for protein expression, the culture volumes 

were scaled and Lot6p variants were purified by performing Ni-NTA chromatography. Figure 8 

shows SDS-PAGE analysis of NI-NTA purification of Lot6p_N96C and Lot6p_W97A. The same 

procedure was followed for purifying Lot6p and Lot6_G98L (data not shown). 

 

 

Chapter 2

25



                        

Figure 8: Ni-NTA purification of Lot6p N96C and Lot6p W97A and SDS-PAGE 

analysis of various fractions collected during Ni-NTA purification. Elution fractions 

collected during purification showed that recombinant Lot6p_W97A and 

Lot6p_N96C were stable during the purification procedure. 

However, up to 70 % of Lot6p_N96C and Lo6p_G98L precipitated while removing imidazole 

after NI-NTA purification by dialysis. Experiments that are not described in this thesis indicated 

that rebuffering with centrifugal filter devices (Amicon) decrease the amount of protein being 

precipitated and increase the overall yield. The elution fractions from both purifications (Figure 

8) indicate that Lot6p-His6 fusion proteins bind to the nickel column very tightly, but unknown 

proteins also seem to the bind to the NI-NTA column with similar affinity. Size exclusion 

chromatography was performed to purify Lot6p proteins further. The elution fractions were 

collected every time a peak is detected at 280 nm. the fractions corresponding to the molecular 

mass of Lot6p-His6 fusion protein (22.88 kDa) analyzed by SDS-PAGE (Figure 9). 
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Figure 9: Purification by size exclusion chromatography. SDS-PAGE analysis of 

elution fractions collected during SEC. Elution fractions corresponding to the 

molecular mass of Lot6p-His6 fusion protein (22.88 kDa) were collected and 

analyzed for purity. 

 The purity of Lot6p proteins was vastly improved by performing size exclusion 

chromatography. During purification of the recombinant Lot6p proteins by Ni-NTA affinity and 

size exclusion chromatography it was observed that Lot6p_N96C and Lot6p_G98L were devoid 

of FMN cofactor (absence of distinctive yellow color), whereas Lot6p_W97A retains the 

cofactor. In order to confirm the absence of FMN cofactor UV-Vis spectroscopy was performed 

(Figure 10).  
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Figure 10: UV-Vis spectroscopy of Lot6p variants. Absorption spectra of purified 

Lot6p variants between 300-600 nm shows that Lot6p_N96C and Lot6p_G98L are 

unable to bind the FMN cofactor.  

 It can be seen from the UV-Vis absorption spectra that Lot6p_N96C and Lot6p_G98L 

does not exhibit typical flavin absorption peaks. In order to be absolutely sure about the loss of 

FMN cofactor in Lot6p_N96C and G98L, higher concentrations of these protein were used to 

measure the spectra compared to Lot6p. 

 The ability of Lot6p and Lot6p_W97A to reduce NADPH was measure by performing 

FMN reduction assays. Lot6p_W97A was able to reduce NADPH in presence of free FMN at a 

slightly faster rate than that of Lot6p (Figure 11).  
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Figure 11: FMN reductase activity assays. The ability of Lot6p and Lot6p_W97A to 

reduce NADPH was measured by continuously monitoring the absorption at 340 nm.  

The FMN reductase activity of Lot6p and Lot6p W97A is strictly dependent on exogenously 

added oxidized FMN. NADPH oxidization rate is very slow in the absence of exogenous FMN 

(first 100 seconds), it can be observed that up on addition of FMN the NADPH is rapidly 

oxidized (only observable as a very steep drop in the spectrum which can be attributed to the 

lag time in mixing) followed by gradual oxidation of NADPH. The FMN reductase activity 

observed reflects the reduction of free oxidized FMN, in a physiological condition the electron 

acceptor would be a substrate, preferably quinones. Loss of FMN in Lot6p_N96C and Lot6p 

G98L supports the hypothesis that amino acids 96-99 are essential for enzymatic function as 

well as the stability of holo protein. In order to determine the changes in the structure of Lot6p 

variants, attempts to solve the three dimensional structure by crystallography were made. The 

crystallization attempts of Lot6p W97A were successful; the x-ray crystallographic structure of 

Lot6p W97A is virtually identical to Lot6p (data not shown). Pull-down assays were performed 

with Lot6p W97A to verify the interaction with 20S proteasome (Figure 12).  
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Figure 12: Recombinant Lot6p W97A is incubated with yeast cell lysate (YCL) and 

applied on Ni-NTA chromatography column. Flow through (FT) was collected and 

the column was washed to elute unbound proteins. Bound proteins were eluted by 

competitive elution and analyzed by SDS-PAGE and immunoblotting with antibody 

against yeast 20S proteasome (20S P). 

Lot6p W97A was unable to bind to the proteasome even though its biochemical and structural 

properties are similar to that of Lot6p. Lot6p was previously shown to bind to the 20S 

proteasome, while apo-Lot6p was unable to bind to the 20S proteasome indicating that FMN 

cofactor is essential for this interaction (24). Lot6p N96C and G98L, were unable to bind the 

FMN cofactor. It is probable that these variants are not able to bind the 20S proteasome, since it 

was previously shown that apo-Lot6p is unable to bind the 20S proteasome. Crystallization 

attempts of Lot6p N96C and Lot6p G98L were unsuccessful and the possible reasons are 

discussed. 
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2.4 Discussion 

  Unlike 26S proteasome where a target protein is selectively ubiquitinated by E1, E2 and 

E3 enzymes for degradation (36), information regarding enzymes that selectively regulate the 

protein degradation by 20S proteasome is currently unavailable. Ubiquitin independent 

degradation of intrinsically disordered proteins by the 20S proteasome is a new and emerging 

area of protein degradation pathways (37).  A new physiological role has been attributed to 

quinone reductases (Lot6p and NQO1) as regulators of 20S proteasome. Quinone reductases 

Lot6p and NQO1 were shown to regulate the 20S proteasomal degradation of transcription 

factors Yap4p and p53 respectively. It was shown that quinone reductases bind to the 

transcription factors only in their reduced form. The general assumption that can be drawn from 

the experimental evidence available is that a conformational change occurs in quinone 

reductases upon oxidation leading to the dissociation of transcription factor from the quinone 

reductase-20S proteasome complex. It is already known that flavoproteins exhibit 

conformational change upon change in the redox state. The conformational changes studied so 

far only revealed how the affinity of flavoproteins towards membranes varied depending on the 

redox state (28–30). On the other hand, no information is available on conformational change 

effecting protein-protein interactions. 

 In order to study putative conformational changes in Lot6p, amino acids were exchanged 

in a conserved β-turn near the FMN binding region of Lot6p. The variants were characterized in 

regard to their biochemical and interaction properties. The W97A mutant retains the cofactor 

and behaves similar to Lot6p. The FMN reductase activity assays (figure 11) show that 

Lot6p_W97A is able to reduce free FMN at a slightly faster rate than Lot6p. This observation 

indicates that the exchange of bulky tryptophan to alanine provides more space for the FMN 

cofactor or substrate to fit into the active site. Contrastingly, Lot6p N96C and Lot6p G98L were 

shown to lose the cofactor. It is probable that both these amino acid exchanges lead to changes 

in the local structures at the FMN binding site thereby affecting the binding of FMN cofactor. 

Numerous crystallization attempts with both Lot6p N96C and Lot6p G98L were unsuccessful 

indicating that the three dimensional structure of these variants is probably different to that of 

Lot6p W97A whose crystallization was successful.  

 The variants studied in this chapter confirm that the amino acids forming the β-turn are 

essential for the biochemical and interaction properties of Lot6p. However, it is still unclear if a 

peptide flip occurs during the change of redox state and if the peptide flip brings about 
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conformational changes in the protein. Crystallization of reduced Lot6p under hypoxic conditions 

or NMR spectroscopy might provide insights to whether a peptide flip occurs or not.  

 Experiments were also carried out to isolate and crystallize Lot6p-20S proteasome 

complex. Most of the experiments were unsuccessful owing to the complexity of purifying 

proteasome as well as isolating Lot6p-20S proteasome complex. Purification of 20S 

proteasome is a long and tedious process and it is hard to reproduce similar experimental 

consitions for each batch of purification. The proteasome has been traditionally viewed as a 

very stable complex able to withstand stringent purification methods. This notion has since 

changed owing to knowledge gained from studying affinity tag-purified proteasome by high 

through put proteomics. Elevated salt conditions employed during conventional purification 

protocols lead to dissociation of proteasome associated proteins (38, 39). A new strain of yeast 

engineered to carry a Flag- polyhistidine tag on the Pre1p subunit (Flag-His6 Pre1 strain) of the 

20S proteasome was donated by Prof. Dr. Jürgen Dohmen. This strain allows for rapid 

purification of proteasome without employing elevated salt conditions. Flag-His6 Pre1 strain was 

transformed with a centromeric vector encoding for Lot6p and Yap4p. It might be possible to 

isolate Lot6p-20S proteasome complex from this strain since the purification is rapid and the 

conditions are not very stringent. It is not surprising that not even a single structure of 

proteasome in complex with proteins other than those involved in proteasome assembly is 

available. It would be interesting to further develop the technology for isolating and crystallizing 

Lot6p-20S proteasome complex and investigate if they act as redox switches.  
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In vivo role of Lot6p in the regulation of transcription factor Yap4p  

3.1 Introduction 

 The ability of an organism to sense internal and external stimuli and regulate gene 

expression is crucial for survival and reproduction. The regulation of gene expression is mostly 

achieved at the level of transcription and to a lesser extent by post translation modifications. 

Heat shock elements (HSE) are short DNA sequences located upstream of genes which are 

induced by exposure to elevated temperatures. The discovery of HSE proved that these 

sequences are crucial for regulating gene transcription (1, 2). It was later discovered that 

specific regulatory proteins known as transcription factors bind to these short DNA sequences 

and regulate the transcription of a downstream gene either positively or negatively (3). 

Transcription factors comprise a large group of proteins which generally exhibit a modular 

structure. A transcription factor is made up of different structural domains, a DNA binding, 

activating and ligand binding domain (4–6). Transcription factors are commonly classified based 

on the structure of the DNA binding domain e.g. helix-turn-helix domain, Zn-binding domains, β-

ribbon domain and leucine-zipper coiled-coil domain (7). The leucine-zipper coiled-coil domain 

is discussed in detail below. 

3.1.1 The leucine-zipper coiled-coil domain 

 The leucine-zipper coiled-coil domain is defined by its dimerization motif, a motif 

exhibiting periodic repetition of leucine residues in α-helices. Leucines of one α-helix 

interdigitate with leucines of another α-helix belonging to a different subunit and form a stable 

noncovalent linkage in the dimer interface (8). The interdigitiating leucines of two subunits give 

raise to a zipper like appearance, hence the name leucine zipper. The leucine zipper region is 

either preceding or following a positively charged DNA binding domain (basic region) (figure 1). 

For this reason these proteins were renamed as basic leucine zipper (bZIP) transcription factors 

(9). Generally, crucial amino acids of bZIP transcription factors that bind to the DNA are 

conserved. Additionally, the distance between these amino acids and the start of leucine zipper 

domain is invariant. Conservation of amino acids at the same positions has led to the discovery 

of “scissors-grip" model for DNA binding (10).  
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Figure 1: Crystal structure of yeast bZIP transcription factor PAP1 dimer (blue) 

showing the scissors-grip model for binding DNA (red) binding (11).  

The leucine zipper segments of some bZIP transcription factors preferentially form heterodimers 

with other bZIP transcription factors (12). The formation of hetero dimers allows bZIP 

transcription factors to be involved in complex regulatory circuits (7).  

3.1.2 Yeast activator protein family 

 The budding yeast Saccharomyces cerevisiae exhibits a complex pattern of gene 

expression due to rapid changes in growth conditions. Yeast cells maintain their homeostasis 

through coordinated transcription regulated by several transcription factors (13). The majority of 

transcriptional regulation in response to changes in growth conditions is dedicated towards 

stress response mechanisms. Two yeast transcription factors, Msn2p and Msn4p, regulate the 

majority of genes involved in a plethora of stress responses and have been extensively studied 

(14,15). In addition, the Yap (yeast activator protein) family consists of eight bZIP transcription 

factors involved in various forms of stress responses (16). The Yap family of transcription 

factors is classified as a separate family since all the family members differ from conventional 

yeast bZIP transcription factors (Gcn4p) at the crucial DNA binding amino acids. Six Yap 

transcription factors are involved in different kinds of stress response. Yap1p in oxidative stress, 
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Yap2p in cadmium stress, Yap4p & Yap6p in osmotic stress, Yap5p & Yap1p in iron metabolism 

and Yap1p & Yap8p in detoxification of arsenic compounds (13). The overlapping functionality 

of Yap family members led to the proposal that this family operates as an independent network 

and that different members of the family form heterodimers (17–19).  The Yap transcription 

factors Yap3p and Yap7p are still uncharacterized with regard to their function. The Yap family 

member Yap4p is of particular interest in the context of this chapter.  

3.1.3 Yeast activator protein Yap4p 

 Yap4p is a 33 kDa bZIP transcription factor belonging to the Yap family. Yap4p was 

shown to be involved in various stress responses, including oxidative, osmotic and heat induced 

stress (20–22). The regulation of Yap4p under osmotic stress condition was shown to be 

mediated by Msn2p, whilst under oxidative stress it was shown to be co-regulated by Yap1p 

and Msn2p (23, 24). A novel pathway involving the regulation of Yap4p by the quinone 

reductase  Lot6p under oxidative stress was recently discovered (25). Quinone reductase Lot6p 

was shown to regulate the ubiquitin independent degradation and localization of bZIP 

transcription factor Yap4p. Similarly, the human quinone reductase NQO1 which is a homolog of 

Lot6p was shown to regulate the degradation of p53 and p73 by ubiquitin independent 

degradation (26).  

 The number of documented ubiquitin-independent protein degradation pathways is 

relatively small compared to ubiquitin dependent or lysosomal degradation pathways, but 

accumulating evidence suggests that this pathway also plays a major role in protein degradation 

(27, 28). The majority of  proteins shown to be degraded by the 20S proteasome are either 

completely disordered or partially disordered (29, 30). In recent years, a large number of 

proteins which are completely disordered or partially disordered were discovered (31, 32). 

Especially, transcription factors contain a large portion of intrinsically disordered regions which 

are essential for transcriptional regulation (33). Ab initio protein modeling of Yap4p by using the 

Robetta server revealed that large parts of the protein are unstructured (figure 2), with the 

exception of an α-helix which probably is the DNA binding region (34, 35).  
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Figure 2: Ab initio modeled structure of Yap4p predicted by the Robetta server. The 

DNA binding region forms a distinct α-helix, whereas the rest of the protein appears 

to be poorly structured. 

Transcriptional profiling of Δyap4 yeast strain revealed that mRNA levels of more than 100 

genes decreased by at least two-fold in this strains (13). The analysis of these genes revealed  

that they belong to several functional classes (13). Hence, it was proposed that Yap4p plays a 

general role in yeast stress response. It is very likely that Yap4p itself is regulated by various 

other transcription factors or proteins, since the promoter region of Yap4p is rich in regulatory 

stress-associated cis-elements (13).  However, information regarding the in vivo regulation of 

Yap4p itself is sparse or inconclusive.Sollner et al., (25) showed that Yap4p migration into the 

nucleus upon induction of oxidative stress is regulated by the redox state of Lot6p. On the other 

hand, Pereira et al., (36) showed that Yap4p is always localized in the nucleus. These authors 

also showed that Yap4p is phosphorylated under various stress conditions and that 

phosporylation does not affect the localization of Yap4p. 

  Essentially, the in vivo role of Lot6p in the regulation of Yap4p remains unclear. The aim 

of the work described is to determine whether the intracellular levels of Yap4p are dependent on 

Lot6p and if ubiquitination is essential for degradation of Yap4p. 
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3.2 Materials and methods  

Reagents  

 Unless stated otherwise all chemicals were of highest grade commercially available and 

were purchased either from Sigma-Aldrich (St. Louis, MO, USA), Fluka (Buchs, Switzerland), or 

Merck (Darmstadt, Germany). DNA primers were purchased from VBC-Biotech (Vienna, 

Austria). Δlot6 stain was from euroscarf strain collection.  

Δlot6 Strain verification 

 Genomic DNA was extracted from BY4741 and Δlot6 strains obtained from Euroscarf 

strain collection by following manufacturer’s instructions (E.Z.N.A.® Yeast DNA Kit, OMEGA 

bio-tek). The primers mentioned below were used to amplify either the open reading frame 

(ORF) of LOT6 or a part of the kanMX4 cassette substituted for LOT6. A standard Taq 

polymerase protocol was used to amplify the DNA. The amplified DNA products were resolved 

on a 1% Et-Br agarose gel and visualized under ultraviolet light. 

 Primers used to amplify LOT6 ORF:                                                                                        

 5’ CGA AGA TCT ATG AAA GTG GGT ATT ATA ATG GGT TC 3’                         

 5’ TAT GGT ACC C TTT ATT CCT CGT TGT TTC GAT GC ‘3                                                             

 Primers used to amplify part of kanMX4 cassette:                                                                                  

 5’-GAT GAT TAC AGT CTC GTC TTG GTC-3’                                                                  

 5’-GAT TGT CGC ACC TGA TTG C-3’ 

Molecular cloning: 

 The coding sequence of YAP4 was amplified and isolated by using primers overlapping 

with the first and last 20-30 base pairs of the ORF in the genomic DNA. The forward and 

reverse primers are appended with DNA sequences for restriction enzymes, EcoRI and KpnI, 

respectively, for cloning YAP4 into ppm323 and ppm96 vectors. The plasmids were originally 

designed by modifying yeast centromeric plasmid YCplac111. The plasmids ppm323 and 

ppm96 were obtained from Prof. Dr. Jürgen Dohmen. The E. coli and yeast selection markers 

for both the plasmids were ampicillin and leucine respectively and both the plasmids also 

possessed a copper inducible promoter (CUP1). The plasmid ppm323 appends an N-terminal 

Myc tag, while ppm96 appends a C-terminal Ha tag to encode for a Yap4p fusion protein. 
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Yeast transformation and cell culture 

 Log phase yeast cells were transformed with plasmids by following standard LiAc/SS 

Carrier DNA/PEG method (37). A single colony from the transformation plate was further 

propagated and stored at 4 °C for future use.  

Cell culture and preparation of total cellular protein extracts 

 A single colony with desired plasmid was inoculated into liquid minimal media and 

incubated at 30 °C for 12-14 hours while shaking at 130 rpm for preparing a preculture. Fresh 

media were inoculated with the preculture to an OD600 of 0.1 and propagated at 30 °C, 130 rpm. 

The OD600 of cultures was measured again and 1 OD600 unit of cells were harvested when the 

optical density had reached to 0.8-1. In some cases the cultures were supplemented with 

CuSO4 at an OD600 of 0.6-0.8 to a final concentration of 1mM and further propagated for one 

more hour before harvesting. In the experiment where the proteasomes are inhibited, 

bortezomib was added to cultures to a final concentration of 30 µM at an OD600 of 0.6-0.8, and 1 

OD unit of cells were harvested at required time points. Cell cultures of uba1-ts26 strain were 

propagated at 25 °C until the OD600 had reached to 0.8-1 and then shifted to a restrictive 

temperature of 37 °C. 1 OD600unit of cells were further harvested at required time points. 

 The cell pellets were resuspended in urea buffer to a final concentration of 6 M urea. 

Appropriate amount of SDS-PAGE loading buffer was added to the resuspended cells and 

immediately boiled at 95 °C for 5 min to prepare total cellular protein extracts. The total protein 

extract was briefly centrifuged at 13,000g and then frozen at -20 °C until further use. 

SDS-PAGE and immunoblotting 

 To determine the steady state intra cellular levels (SSL) of Yap4p, total cellular protein 

extract from 1 OD600 unit of cells was loaded per lane of a 12.5% linear hand cast 

polyacrylamide gel. After gel electrophoresis the proteins were transferred onto an 

immunoblotting membrane using a semi-dry blotting unit. The membranes were blocked with 

3% milk powder in PBST for 60 min after the transfer was completed. The membranes were 

further incubated in appropriate antibodies and visualized by the enhanced chemiluminescence 

(ECL) method or Odyssey Infrared Imaging System (LI-COR Biosciences). Yap4p antibodies 

used in this study were generated in collaboration with Prof. Günther Daum. The other 
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antibodies used in this study were, anti-HA tag antibody (16B12) from Covance anti-Myc tag 

antibody (9B11) from NEB and anti-rabbit secondary antibodies (NA9340) from GE healthcare. 
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3.3 Results and discussion: 

 In order to verify the steady state intercellular levels (SSL) of Yap4p two yeast strains, 

BY4741 (Wild type) and Δlot6 from the Euroscarf strain collection were used throughout this 

study (38). In order to verify the deletion of LOT6, PCR was performed to amplify the open 

reading frame (ORF) of LOT6 or a part of the kanMX4 cassette which substituted LOT6 (Figure 

3).              

                               

Figure 3: Agarose gel electrophoresis showing Δlot6 strain verification. Genomic 

DNA isolated from wild type and Δlot6 strains was used in an PCR performed to 

amplify either the ORF of Δlot6 or a part of the kanMX4 gene. As can be seen in 

the above figure LOT6 is present in the wild type strain, whereas in the Δlot6 

strain it is replaced by kanMX4. 

 The modular nature of transcription factors is ideal for complexes involved in gene 

regulation (39). For example, interactions mediated by the C-terminal domain of  lambda 

repressor lead to cooperative changes in DNA binding and gene expression (40). On the other 

hand, the N-terminal region of intrinsically disordered transcription factors is essential for their 

degradation by the proteasome (41). In order to determine the role of N-terminal and C-terminal 

domains of Yap4p, the YAP4 gene was cloned into centromeric plasmids (ppm323 or ppm96) to 

encode for an N-terminal Myc tag Yap4p or C-terminal HA tag Yap4p. The experiments shown 
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in the rest of the study were at least repeated twice, and the SSL were also quantified by using 

imagej software (42) 

 The SSL of N-terminal Myc Yap4p were measured in wild type and Δlot6 strain in 

presence of spermidine and H2O2 (Figure 4). The media was supplemented with spermidine and 

H2O2 to simulate polyamine and oxidative stress respectively. The SSL of N-terminal Myc 

Yap4p were unchanged in Δlot6 strain compared to wild type strain indicating that Yap4p was 

not regulated by Lot6p when the N-terminal region was blocked by a tag. In the presence of 

H2O2 an incremental shift in the mobility of Yap4p was observed independent of Lot6p.The 

pattern of this mobility shift is similar to that of phosporylation reported by Pereira et al (36). The 

phosphorylation of Yap4p due to addition of H2O2 indicates that Yap4p is involved in oxidative 

stress response. 

               

Figure 4: Determination of N-terminal Myc Yap4p SSL. Western blot analysis of 

total protein extracts from Wild type and Δlot6 cells by anti- Myc antibodies and 

Cdc11p (loading control) antibodies.  

 Along similar lines the SSL of C-terminal HA Yap4p were determined (Figure 5). Initial 

experiments indicated that Yap4p levels were depleted in Δlot6 strain. The experiment was 

repeated with six colonies for each strain and the same effect was not observed with statistical 

significance. Difference in the levels of protein expression could be due to variation in the copy 

number of the plasmids. Since centromeric plasmids were used in this study it could be 
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assumed that the copy number was constant. No explanation could be found why the Yap4p 

levels were depleted in the cells used for the experiment shown in figure 5. 

                                  

Figure 5: Determination of C-terminal Ha Yap4p SSL. Western blot analysis of 

total protein extracts from Wild type and Δlot6 cells by anti- Ha antibodies and 

Cdc11p (loading control) antibodies.  

 SSL of endogenous Yap4p were measured to determine if regulation by Lot6p is still 

retained when both the N-terminus and C-terminus are untagged (Figure 6). It is clearly 

observable that Yap4p is strongly induced and phosphorylated under both osmotic or oxidative 

stress conditions as indicated by  Pereira et al., (36). Most importantly, the levels of Yap4p were 

unchanged in Δlot6 strain compared to of wild type strain.  
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Figure 6: Determination of endogenous Yap4p SSL. Western blot analysis of 

total protein extracts from Wild type, Δlot6 and Δyap4 cells by anti-Yap4p 

antibodies and Cdc11p (loading control) antibodies. Δyap4 cell extracts were 

used as a control to show that anti-Yap4p antibodies are only specific against 

Yap4p. 

 Since Lot6p is a quinone reductase, similar experiments were repeated in the presence 

of quinones. Yap4p is also induced strongly due to quinone stress but no change in the SSL 

was observed in the absence of Lot6p (data not shown). Significantly, the endogenous levels of 

Yap4p remained unchanged under various stress conditions (oxidative, osmotic and quinone) 

despite the absence of Lot6p.  

 In order to verify if Lot6p is essential for the degradation of Yap4p, SSL of Yap4p was 

measured in cell cultures where the intracellular proteasome was inhibited by addition of 

bortezomib (Figure 7). Inhibition of proteasome by bortezomib led to the accumulation of Yap4p 

over time indicating that Yap4p is indeed degraded by the proteasome.  
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Figure 7: Inhibition of proteasome stabilizes C-Terminal Ha Yap4p. Western blot 

analysis of total protein extracts from wild type and Δlot6 with anti-HA and 

Cdc11p (loading control) antibodies.  

To verify if ubiquitination was essential for the degradation of Yap4p (Figure 8), SSL of Yap4p 

was measured in a temperature-sensitive uba1-ts26 strain.  

                                   

Figure 8: Inhibition of UBA1 stabilizes C-Terminal Ha Yap4p. Western blot 

analysis of total protein extracts from Wild type and Δlot6 with anti-Ha and 

Cdc11p (loading control) antibodies.  
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 The uba1-ts26 strain was engineered in such a way that the Uba1 (ubiquitin-activating 

enzyme) is inhibited upon shifting the cell cultures to the restrictive temperature 37 °C, thus 

effecting the total ubiquitination status of all proteins. In the case of Yap4p the SSL drastically 

increased upon shifting the cell cultures to 37 °C indicating that ubiquitination was essential for 

the degradation of Yap4p.  

 The ability of quinone reductases to interact with the proteasome and regulate the 

degradation of transcription factors is still a matter of debate. Sollner et al., (25) showed that 

degradation of Yap4p is regulated by Lot6p, the authors arrived at the conclusion predominantly 

based on in vitro experiments where Yap4p co-elutes with the Lot6p-20S proteasome complex.  

The in vivo experimental evidence shown in this report indicates that Yap4p is regulated through 

an unknown pathway that is independent of Lot6p.  It is highly probable that at some point in its 

life cycle Yap4p interacts with the proteasome since Yap4p is ubiquitinated and degraded by the 

proteasome, but this interaction is not mediated by Lot6p. In conclusion, the evidence present in 

this study does not support a role for quinone reductase Lot6p in the regulation of Yap4p in vivo. 
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a b s t r a c t

Vitamin B2 (riboflavin) is an essential dietary compound used for the enzymatic biosynthesis of FMN and

FAD. The human genome contains 90 genes encoding for flavin-dependent proteins, six for riboflavin

uptake and transformation into the active coenzymes FMN and FAD as well as two for the reduction to

the dihydroflavin form. Flavoproteins utilize either FMN (16%) or FAD (84%) while five human flavoen-

zymes have a requirement for both FMN and FAD. The majority of flavin-dependent enzymes catalyze

oxidation–reduction processes in primary metabolic pathways such as the citric acid cycle, b-oxidation

and degradation of amino acids. Ten flavoproteins occur as isozymes and assume special functions in

the human organism. Two thirds of flavin-dependent proteins are associated with disorders caused by

allelic variants affecting protein function. Flavin-dependent proteins also play an important role in the

biosynthesis of other essential cofactors and hormones such as coenzyme A, coenzyme Q, heme, pyri-

doxal 50-phosphate, steroids and thyroxine. Moreover, they are important for the regulation of folate

metabolites by using tetrahydrofolate as cosubstrate in choline degradation, reduction of N-5.10-meth-

ylenetetrahydrofolate to N-5-methyltetrahydrofolate and maintenance of the catalytically competent

form of methionine synthase. These flavoenzymes are discussed in detail to highlight their role in health

and disease.

Ó 2013 Elsevier Inc. All rights reserved.

Introduction

Vitamin B2 (or riboflavin) is an essential dietary requirement for

humans (Homo sapiens sapiens) because the biosynthesis of this

compound is absent. The daily requirement for vitamin B2 was

estimated to be 1.1 mg and 1.3 mg for adult females and males,

respectively, but may vary depending on metabolic challenges

and the efficiency of riboflavin uptake. Dietary riboflavin is taken

up in the human gastrointestinal tract by poorly characterized

transporters (Table 1, entry #74). Vitamin B2 is not used in any hu-

man enzyme per se but is chemically modified to the flavin mono-

nucleotide (FMN)1 and flavin adenine dinucleotide form by

riboflavin kinase (EC 2.7.1.26) and FAD synthetase (EC 2.7.7.2),

respectively. FMN and FAD as well as excess riboflavin are excreted

in the urine. Chastain and McCormick have also detected trace

amounts of 7-hydroxy- and 8-hydroxy-flavins in human urine which

are generated through as yet unknown catabolic reactions [1]. In

addition, they have also found 8-sulfonyl-flavin which is supposedly

released from enzymes bearing a covalent thioester linkage, e.g.

monoamine oxidase A and B (MAOA and MAOB, Table 1).

FMN and FAD possess a tricyclic heteroaromatic isoalloxazine

ring that can reversibly accept and donate one or two electrons.

Thus the majority of the enzymes utilizing FMN or FAD catalyze

reduction–oxidation (‘‘redox’’) reactions in metabolic transforma-

tions. In fact, the majority of human flavoenzymes belongs to the

oxidoreductases with only two example each for a transferase

and lyase, respectively (Table 1, entries #65–68). Flavoenzymes

may either use FMN or FAD as cofactor and most are specific for

one or the other. In the case of human flavoproteins only twelve

use FMN and 64 FAD as cofactor amounting to ca. 16% and 84%

of the flavoenzymes, respectively (note that five enzymes utilize

both FMN and FAD). In a global analysis of FMN and FAD usage

in flavoproteins it was noted that 25% of flavoenzymes utilize

FMN [2], hence the human flavoproteome has a clear bias towards

FAD-dependent enzymes.

0003-9861/$ - see front matter Ó 2013 Elsevier Inc. All rights reserved.

http://dx.doi.org/10.1016/j.abb.2013.02.015

⇑ Corresponding author. Address: Graz University of Technology, Institute of

Biochemistry, Petersgasse 12, A-8010 Graz, Austria. Fax: +43 316 873 6952.
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1 Abbreviations used: ACAD9acyl-CoA dehydrogenase isoform 9; ACADS, short-chain

acyl-CoA dehydrogenase; ACADL, long-chain acyl-CoA dehydrogenase; ACADM,

medium-chain acyl-CoA dehydrogenase; DHCR24, 3b-hydroxysterol D24-reductase;

DMGDH, dimethylglycine dehydrogenase; ETF, electron transferring flavoprotein;

ETFDH, electron-transferring flavoprotein ubiquinone oxidoreductase; FMO3, flavin-

containing monooxygenase isoform 3; FOXRED1, FAD-dependent oxidoreductase;

MSmethionine synthase; MTHFR, N-5,10-methylene-tetrahydrofolate reductase;

MTRR, methionine synthase reductase; OMIM, Online Mendelian Inheritance in

Man; MAOA, monoamine oxidase isozyme A; MAOB, monoamine oxidase isozyme B;

MS, methionine synthase; MSR, methionine synthase reductase; MTHFR, N-5,10-

methylenetetrahydrofolate reductase; NQO1, NAD(P):quinone oxidoreductase; PANK,

panthothenate kinase; PDB, protein data base; PLP, pyridoxal 50-phosphate; PNPO,

pyridoxal 50-phosphate oxidase; PPOX, protoporphyrinogen IX oxidase; PPCD, 40-

phosphopantothenoylcysteine decarboxylase; PPCS, phosphopantothenoylcysteine
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Table 2

Disease-related human flavoproteins.

No. E.C. Enzyme Disease Metabolic function Localisation OMIM

1 1.1.1.204 Xanthine dehydrogenase Xanthinuria type I Purine degr. Cytosol 607633

2 1.1.5.3 Glycerol 3-phosphate

dehydrogenase

Diabetis mellitus type II Electron transport mito. i.

membr.

138430

3 1.1.99.1 Choline dehydrogenase tooth agenesis, cleft lip

sperm motility

Choline degr. mito. i.

membr.

[78–

82]

4 1.1.99.2 L-2-Hydroxyglutarate

dehydrogenase

L-2-Hydroxyglutaric

aciduria

‘‘Metabolite repair’’ mito. membr. 609584

5 1.1.99.- D-2-Hydroxyglutarate

dehydrogenase

D-2-Hydroxyglutaric

aciduria

‘‘Metabolite repair’’ Mitochondria 605176

6 1.3.1.2 Dihydropyrimidine

dehydrogenase

Deficiency Pyrimidine catab. Cytosol 612779

7 1.3.1.72 3b-Hydroxysterol D24-

reductase

Desmosterolosis Sterol biosyn. ER membr. 606418

8 1.3.3.1 Dihydroorotate

dehydrogenase

Miller syn. Please specify the significance of footnote ‘‘a’’ cited in the

Table 2, as a corresponding footnote text has not been

provided.

mito. i.

membr.

126064

9 1.3.3.4 Protoporphyrinogen IX

oxidase

Variegate porphyria Heme biosyn. Mito. i.

membr.

600923

10 1.3.3.6 Acyl-CoA oxidase Deficiency Lipid degr. Peroxisomes 609751

11 1.3.3.- Glutaryl-CoA oxidase Glutaric aciduria III Glutaryl degr. Peroxisomes 231690

12 1.3.5.1 Succinate dehydrogenase Complex II deficiency Citric acid cycle mito. i.

membr.

600857

Flavoprotein subunit A Leigh syn.

paraganglioma 5

13 1.3.99.2 Short-chain- (butyryl-) acyl

CoA dehydrogenase

Deficiency b-Oxidation mito. matrix 201470

14 1.3.99.3 Medium-chain acyl-CoA

dehydrogenase

Deficiency b-Oxidation mito. matrix 607008

15 1.3.99.7 Glutaryl-CoA dehydrogenase Glutaric acidemia Lysine degr. mito. matrix 608801

16 1.3.99.10 Isovaleryl-CoA

dehydrogenase

Isovaleric acidemia Leucine degr. mito. matrix 607036

17 1.3.99.12 2-Methylbutyryl-CoA

dehydrogenase

Deficiency Isoleucine degr. mito. matrix 600301

18 1.3.99.13 Long-chain-acyl-CoA

dehydrogenase

Deficiency b-Oxidation mito. matrix 609576

19 1.3.99.- Isobutyryl-CoA

dehydrogenase

Deficiency Valine degr. mito. matrix 611283

20 1.3.99.- Long-chain-unsaturated-acyl-

CoA dehydrogenase

Deficiency b-Oxidation mito. matrix 611126

21 1.3.99.- very long-chain acyl-CoA

dehydrogenase

Deficiency b-oxidation mito. matrix 201475

22 1.4.3.3 D-amino acid oxidase Schizophrenia?

amyotrophic lateral

sclerosis

Oxidation of D-serine Peroxisomes 124050

23 1.4.3.4 Monoamine oxidase Brunner syn. antisocial

behaviour autism

Oxidation of neuro-transmitter mito. o.

membr.

309850

24 1.4.3.5 Pyridoxal 5’-phosphate

oxidase

Encephalopathy Vitamin B6 metab. Cytosol 603287

Pyridoxine 5’-phosphate

oxidase

25 1.4.3.- Catecholamine oxidase

(renalase)

Hypertension? Oxidation Secreted

(Blood)

609360

26 1.5.1.20 Methylenetetrahydrofolate

reductase

Homocystinuria neural

tube defects

schizophrenia

Folate metab. Cytosol 607093

27 1.5.5.1 Electron-transferring

flavoprotein-ubiquinone

oxidoreductase

Glutaric acidemia IIC Electron transport mito. i.

membr.

231675

28 —————— Electron transferring

flavoprotein

Glutaric acidemia IIA Electron transport mito. matrix 608053

Glutaric acidemia IIB Electron transport 130410

29 1.5.99.1 Sarcosine dehydrogenase Sarcosinemia Choline degr. mito. matrix 604455

30 1.5.99.2 Dimethylglycine

dehydrogenase

DMGDH-deficiency Choline degr. mito. matrix 605850

31 1.5.99.8 Proline dehydrogenase Hyperprolinemia type I

schizophrenia

Amino acid metab. 606810

32 1.6.2.2 Cytochrome-b5 reductase Methemoglobinemia

type I and II

Heme metab. membr.

soluble

(erythro.)

613213

33 1.6.2.4 NADPH-hemoprotein

reductase

Antley-Bixler syn.

Disordered

steroidogenesis

Electron donor to P450 enzymes Microsomes

(ER)

124015

(cytochrome P450 reductase)

34 1.6.5.2 NAD(P)H dehydrogenase

(quinone)

Benzene toxicity breast

cancer

Quinone detox p53 degr. Cytosol 125860

(continued on next page)
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Most flavoenzymes bind FMN or FAD non-covalently (90%). In

six human flavoenzymes the FAD cofactor is covalently linked via

the 8-a-methyl group to either the nitrogen (N-3) of a histidine

(succinate, sarcosine and dimethylglycine dehydrogenase) or the

sulfur of a cysteine residue (MAOA, MAOB and L-pipecolate oxi-

dase). Interestingly, monocovalent attachment to the 6-position

of the isoalloxazine ring system as well as bicovalent attachment

to the 8-a and 6-position observed in several bacterial, fungal

and plant flavoenzymes are absent in human flavoproteins. This

is also reflected by the scarcity of flavoenzymes adopting a topol-

ogy similar to the p-cresolmethylhydroxylase (clan FAD_PCMH,

family FAD_binding_4) with D-lactate dehydrogenase (EC

1.1.1.28) and alkalidihydroxyacetone phosphate synthase (EC

2.5.1.26) as sole examples for this type of structure. Interestingly,

these two enzymes represent a subset of flavoenzymes in this clan

that does not engage in covalent linkage of the FAD cofactor, which

in fact appears to be the rule rather than the exception in this

structure family [2]. Overall, it is encouraging that the structure

of more than half of the human flavoproteins was solved by X-

ray crystallography (Table 1). In addition, in 23 cases the structure

of the human protein can be inferred from the known structure of a

homologous flavoprotein. This leaves only fifteen flavoproteins

where currently no structural information is available (Table 1).

The prevalence of the Rossmann-fold in FAD-dependent flavoen-

zymes previously noted [2] is also seen in the human FAD-depen-

dent proteins (see Fig. S1). In contrast to the global fold

distribution the structural clan Acyl-CoA_dh takes second place

and switches place with the clan FAD_PCMH. This is due to the rel-

atively large number of acyl-CoA dehydrogenases (eleven) and

acyl-CoA oxidases (three) compared to only three members in

the FAD_PCMH clan. Flavoenzymes in the latter clan appear to be

rare in mammals but are very prominent in metabolically active

and diverse organisms such as bacteria, fungi and plants [2]. The

most common structural clan found for human FMN-dependent

proteins is Flavoprotein and TIM_barrel (five and four members,

respectively, see Fig. S1) and reflects the general prevalence of

these two clans in FMN-dependent flavoproteins [2].

The chromosomal location of the genes encoding flavoproteins

is known for all flavoproteins (Table 1 and Fig. S2). They are uni-

formly distributed over the chromosomes with only chromosome

13, 18, 21 and Y lacking genes encoding flavoproteins (Table 1

and Fig. S2). Eleven flavoenzymes occur as isozymes encoded by

multiple genes (2–5). In three cases (DUOX1–2, FMO1–5 and

MAOA + B) the genes are on the same chromosome (15, 1 and X,

respectively) whereas in all other cases (ACOX1–3, CRY1–2,

HAO1–2, MICAL1–3, NOS1–3 and SLC52A1–3) the genes are on dif-

ferent chromosomes (Fig. S2).

Flavoenzymes in human diseases

A surprisingly large number of flavoproteins (ca. 60%) is associ-

ated with human disorders caused by mutations in the pertinent

gene. Table 2 provides an overview of the 50 flavoproteins along

Table 2 (continued)

No. E.C. Enzyme Disease Metabolic function Localisation OMIM

35 1.6.5.3 NADH-ubiquinone

oxidoreductase

Complex I deficiency Electron transport mito. i.

membr.

161015

36 1.8.1.4 Dihydrolipoyl dehydrogenase Leigh syn. Maple syrup

urine dis., III

Energy metab. mito. matrix 238331

37 1.8.1.7 Glutathione-disulfide

reductase

Hemolytic anemia detox. Cytosol

(erythro.)

138300

38 1.8.3.2 Sulfhydryl oxidase Myopathy Disulfide redox balance mito. im.

space

600924

39 1.10.99.2 Ribosyldihydronicotinamide

dehydrogenase

Breast cancer

susceptibility

Quinone detox. Cytosol 160998

40 1.14.13.8 flavin-containing

monooxygenases

trimethylaminuria detox. microsomes

(ER)

136132

41 1.14.13.39 Nitric-oxide synthase Hypertension Vasodilation Cytosol 163729

163730

42 1.14.99.- Monooxygenase in coenzyme

Q biosyn.

Deficiency/nephrotic

syn.

Coenzyme Q biosyn. Golgi/mito. 614647

43 1.16.1.8 Methionine synthase

reductase

Homocystinuria neural

tube defects

Methionine biosyn. Cytosol 602568

44 1.-.-.- NAD(P)H oxidase Chronic granulomatous

dis.

Generation of superoxide Phagocytes 300481

Cytochrome b(558), beta

subunit

Atypical

mycobacteriosis

(membr.)

45 1.-.-.- Thyroid oxidase/dual oxidase Thyroid

dishormonogenesis 6

Thyroid biosyn. membr. 606759

46 2.5.1.26 Alkyldihydroxyacetone

phosphate synthase

Rhizomelic chondrodys-

plasia punctata, type 3

Lipid biosyn. Peroxisomes 603051

47 —————— Apoptosis inducing protein Combinded oxidative

phosphorylation

deficiency

Redox control mito./

nucleus

300169

48 —————— Iodotyrosine deiodinase Thyroid

dyshormonogenesis

type 4

Iodide salvage Cytosol 612025

49 —————— FAD-dependent

oxidoreductase

complex I deficiency

Leigh syn.

Molecular chaperone mito. matrix 613622

50 —————— Riboflavin transporter

(member 3)

Brown-Vialetto-Van

Laere syn. Fazio-Londe

dis.

Riboflavin uptake membr. 613350

Abbreviations used: biosyn., biosynthesis; catab., catabolism; degr., degradation; detox., detoxification; dim., diminished; dis., disease; metabol., metabolism; mito.,

mitochondrium; mito. i. membr., inner membrane of mitochondria; mito. o. membr., outer membrane of mitochondria; mito. im. space, mitochondrial intermembrane space;

ER, endoplasmic reticulum; membr., membrane; syn., syndrome; erythro., erythrocytes.
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with their corresponding record number in OMIM. Since most fla-

voproteins are localized in the mitochondria the diseases are con-

nected with deficiencies in mitochondrial processes. Other

compartments, most notably peroxisomes and the endoplasmic

reticulum, are also affected by some flavoprotein deficiencies or

dysfunctions. In several cases flavoprotein deficiencies occur in

connected metabolic pathways and therefore give rise to similar

clinical manifestations. For example, glutaric acidemia (OMIM

608801) can be caused by a deficiency of glutaryl-CoA dehydroge-

nase (type I), electron transferring flavoprotein (type IIA and IIB) or

electron-transferring flavoprotein-ubiquinone oxidoreductase

(type IIC). Similarly, Leigh syndrome (OMIM 256000) may arise

from a defect in any of the respiratory electron transfer complexes

in the inner mitochondrial membrane and thus deficiency of com-

plex I (containing the FMN-dependent NDUFV1) or complex II

(containing the FAD-dependent subunit A) as well as FOXRED1,

an FAD-containing molecular chaperone of complex I, may consti-

tute the molecular cause of the disease.

Since mutations are generally irreversible, adverse effects on

the biological function of an encoded protein are untreatable and

therapeutic interventions rely on protein substitution or, in the fu-

ture, gene therapy. For several flavoproteins it was found that the

mutation led to an amino acid exchange affecting the binding affin-

ity of the flavin cofactor. In these cases it is conceivable that high-

dose riboflavin supplementation may increase the concentration of

flavin cofactors and this in turn may increase the fraction of active

holo-enzyme. Ames and coworkers have compiled a list of flavoen-

zymes with decreased cofactor affinity where this strategy may be

exploited successfully [3]. Among the flavoenzymes discussed are

N-5,10-methylenetetrahydrofolate reductase (EC 1.5.1.20, MTHFR),

NAD(P):quinone oxidoreductase (EC 1.6.5.2, NQO1), protoporphy-

rinogen IX oxidase (EC 1.3.3.4, PPOX), electron transferring flavo-

protein (ETF), electron-transferring flavoprotein ubiquinone

oxidoreductase (EC 1.5.5.1, ETFDH), glutaryl-CoA oxidase (EC

1.3.3.-, C7orf10), short-, medium-, long-chain acyl-CoA dehydro-

genases (EC 1.3.99.2, ACADS; EC 1.3.99.3, ACADM; EC 1.3.99.13,

ACADL) and complex I (EC 1.6.5.3, NDUFV1) [3]. More recently, it

was shown that the neurological disorders Brown–Vialetto–Van

Laere and Fazio-Londe syndrome were caused by mutations in

the gene encoding an intestinal riboflavin transporter [4,5]. Since

this transporter is largely unexplored, the effect of the mutation

on riboflavin transport efficiency is currently unknown. However,

it appears that at least in some patients riboflavin supplementation

ameliorates the symptoms and positively affects disease progres-

sion [4,6,7]. Apart from a few flavoproteins with decreased affinity

for cofactor mentioned by Ames and coworkers [3] it is largely un-

known how mutations in genes encoding flavoproteins impact

cofactor binding. In view of the large number of flavoproteins in-

volved in human diseases it is worthwhile investigating the muta-

tional effects on cofactor binding to thoroughly evaluate the

benefits of high-dose riboflavin supplementation therapy (see also

discussion below).

Flavoenzymes in cofactor biogenesis and metabolism

FMN and FAD are synthesized in the human organism from

riboflavin (vitamin B2) by riboflavin kinase (EC 2.7.1.26) and

FAD-adenylyl transferase (EC 2.7.7.2). Riboflavin is absorbed from

nutrients as is the case for many other vitamins required to supply

vitamin-derived coenzymes to the apo-forms of hundreds of en-

zymes in the human body. In this context, we were intrigued by

the number of flavoenzymes that are involved in the biosynthesis

of other cofactors such as coenzyme A, coenzyme Q (ubiquinone),

heme and pyridoxal 50-phosphate. Equally, flavoenzymes partici-

pate in the interconversion of various folate metabolites and hence

play an important role in one-carbon (C1-unit) metabolism. More-

over, flavoenzymes catalyze essential reactions in biosynthetic

pathways leading to cell signaling molecules such as the steroid

and thyroid hormones. These topics are discussed in more depths

in the next sections.

Flavoenzymes in folate and cobalamin metabolism

Tetrahydrofolate (THF) is a 6-methylpterin derivative that is

widely used to shuttle C1-units in metabolic reactions. THF loaded

with a C1-unit occurs in various oxidation states such as N-5,10-

methylene-THF and N-5-methyl-THF. Two FAD-dependent en-

zymes, dimethylglycine dehydrogenase (EC 1.5.99.2, DMGDH)

and sarcosine dehydrogenase (EC 1.5.99.1, SARDH), generate N-

5,10-methylene-THF from THF which is then converted to N-5-

methyl-THF by N-5,10-methylene-THF reductase (EC 1.5.1.20,

MTHFR) at the expense of NADPH (Fig. 1). N-5-methyl-THF in turn

is utilized by methionine synthase (EC 2.1.1.13, MS) yielding THF

and methionine by transferring the methyl group to homocysteine.

The cobalamine cofactor of MS is susceptible to oxidation and

hence methionine synthase reductase (EC 1.16.1.8, MSR) is re-

quired to regenerate methylcob(I)alamin from cob(II)alamin.

Hence, these four flavin-dependent enzymes play a role in the inter

conversion of THF, N-5,10-methylene-THF and N-5-methyl-THF

and are thus important to balance the pools of folate metabolites

(Fig. 1).

DMGDH and SARDH also catalyze two consecutive reactions in

choline catabolism (Fig. 1). DMGDH oxidizes dimethlyglycine to

sarcosine, which is further oxidized to glycine. Both enzymes use

THF to capture the C-1 fragment released by the oxidative demeth-

ylation of substrates yielding N-5,10-methylene-THF [8]. Since

these reactions occur in the mitochondrial matrix, electrons ex-

tracted from the substrate are delivered to the mitochondrial elec-

tron transport chain via electron transferring flavoprotein (ETF)

and electron transferring flavoprotein ubiquinone oxidoreductase

(EC 1.5.5.1). DMGDH and SARDH were reported to contain a cova-

lently linked 8a-(N3-His)-FAD cofactor [9,10] and hence belong to

the small group of flavoproteins that bind the cofactor covalently

(see Table 1). Unfortunately, the structure of these proteins is not

known and therefore neither the mode of FAD binding nor the

interaction with THF can be firmly established. Interestingly, a re-

cently discovered lysine-specific histone demethylase (EC 1.5.99.-,

KDM1A) related to flavin-dependent amine oxidases apparently

does not utilize THF to capture the formyl group and hence the

demethylation results in the generation of formaldehyde [11].

Since the lysine demethylation occurs in the nucleus and not in

mitochondria, the enzyme donates the electrons to oxygen gener-

ating hydrogen peroxide as a by-product of the demethylation

reaction. The fate of these two potentially harmful compounds in

the nucleus is currently not known. A recent study showed that

inhibitors of KDM1A selectively target cancer cells with pluripo-

tent stem cell properties [12]. In light of these recent findings it

can be concluded that aberrations in KDM1A regulation might lead

to development of cancer.

Deficiency of DMGDH is apparently very rare and only a single

case was reported so far (OMIM 605850, [13,14]). Binzak et al.

identified a homozygous point mutation in a patient (326 A–G)

resulting in a histidine to arginine exchange (H109R) in the en-

coded DMGDH [13]. It is noteworthy that the covalent linkage of

the FAD cofactor is to H91 and hence the inactivity of the altered

enzyme is probably not due to the inability to form the covalent

linkage with the FAD cofactor. Detailed studies with the recombi-

nant DMGDH H109R variant showed effects on both the specific

activity (27 times lower) and Km (65 times higher) [15]. Interest-

ingly, fish odor was reported as a salient symptom of DMGDH defi-

ciency which is typically ascribed to impaired N-oxygenation of
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xenobiotics due to deficiency of flavin-containing monooxygenase
isoform 3 (EC 1.14.13.8, FMO3) [16].

Sarcosinemia caused by a deficiency of SARDH [17] is also a rare
metabolic disorder characterized by elevated levels of sarcosine in
plasma and urine. The mutational frequency in the human SARDH
gene apparently varies from 1:350000 to 1:3414. The clinical
symptoms reported to be associated with SARDH deficiency in-
clude mental retardation and loss of speech (OMIM 268900). Re-
cently, sarcosine was suggested to be a marker for the
invasiveness of prostate cancer cell lines [18]. In the same study,
it was also noted that reduced levels of SARDH activity led to the
induction of an invasive phenotype in benign prostate epithelial
cells. The connection of SARDH to cancer development and pro-
gression indicated by this study and the usefulness of sarcosine
as a tumor marker is currently the subject of an intense scientific
debate [19–21].

MTHFR connects the pool of N-5,10-methylene-THF, mainly de-
rived from the glycine cleavage system (EC 2.1.2.10) and serine
hydroxymethyltransferase (EC 2.1.2.1), with that of N-5-methyl-
THF, which is used by MS to generate methionine from homocys-
teine (Fig. 1). This reaction not only provides an important building
block for protein biosynthesis but also a substrate for the synthesis
of S-adenosyl-methionine (SAM), an ubiquitous and powerful re-
agent in many biological methylation reactions. The MS reaction
also regenerates THF, which then re-enters the reactions men-
tioned above capturing C1-units from glycine, serine, dimethylgly-
cine and sarcosine. More than thirty deleterious mutations of the
MTHFR gene are known as well as several common variants, like
the 677C>T point mutation. MTHFR deficiency is connected to sev-
eral serious diseases, such as neural tube defects, coronary heart
disease and schizophrenia (OMIM 607093). Depending on the
severity of the mutation hyperhomocysteinemia with homocysti-
nuria or mild hyperhomocysteinemia is observed. The 677C>T
polymorphism is of particular interest as it is recognized as the

most frequent genetic cause of homocysteinemia [22,23]. This
common C to T mutation gives rise to a conservative amino acid
replacement in position 222 of MTHFR (A222V). Surprisingly, the
A222V variant possesses reduced thermostability and weaker
affinity to the FAD cofactor. In the same study it was also reported
that folate (and adenosylmethionine) increases the affinity of FAD,
which in turn increases the thermostability of the A222V variant
[24]. This positive interplay suggests that the status of folate and
riboflavin may be critical in cases where cofactor affinity is com-
promised by the amino acid exchange (see discussion above).

Mechanistically, MS uses N-5-methyl-THF to methylate its
cob(I)alamin cofactor which in turn transfers the methyl group to
the thiol group of homocysteine (Fig. 1). The cob(I)alamin state is
highly sensitive to oxidation rendering the enzyme inactive [25].
In order to restore the reduced active form of the cofactor,
cob(II)alamin is reductively methylated by MSR using NADPH as
electron source and SAM as methyl group donor [26,27]. Since
MSR is required to maintain MS activity, it is not surprising that
allelic variants resulting in MSR deficiency present similar symp-
toms, such as homocystinuria, as seen in MS and MTHFR defi-
ciency. Accordingly, megaloblastic anemia, an increased risk for
neural tube defect and Down syndrome are among the disorders
caused by inherited MSR deficiency (OMIM 602568). A common
polymorphism found in the MSR gene (allele frequency 0.51) re-
sults in a single amino acid replacement, I23M, and increases the
risk for neural tube defects [25,28].

Recently, Matthews and coworkers suggested that MSR also
plays a role as a chaperone for MS and also acts as an aquacobala-
min reductase [29]. They reported that MSR stabilizes the apo-
form of MS and promotes the association with methylcobalamin.
In addition, MSR catalyzes the NADPH-dependent reduction of
aquacobalamin to cob(II)alamin and thereby accelerates the for-
mation of holo-MS. Hence, MSR exhibits multiple beneficial effects
on MS. In this context, it is interesting to note that MSR was also
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Fig. 1. Flavin-catalyzed reactions connected to folate metabolism: dimethlyglycine dehydrogenase (EC 1.5.99.1, DMGDH), sarcosine dehydrogenase (EC 1.5.99.2, SARDH), N-
5,10-methylene-tetrahydrofolate reductase (EC 1.5.1.20, MTHFR) and methionine synthase reductase (EC 1.16.1.8, MSR). Structures depicted are from the human methionine
synthase reductase (2qtl) as well as the N-5,10-methylene-tetrahydrofolate reductase from Thermus thermophilus HB8 (3apt).
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invoked as catalyst for the formation of adenosylcobalamin
[25,30]. Recent evidence, however, suggests that reduction of
Co2+ to Co+ occurs by free dihydroflavins when cob(II)alamin is
bound to human adenosyltransferase [31]. It is currently unknown
whether this process is driven solely by free dihydroflavins or in-
volves a specialized flavoprotein reductase in vivo.

Heme biosynthesis

The biosynthesis of heme from succinyl-CoA and glycine is ini-
tiated in the mitochondria and then proceeds in the cytosol to gen-
erate coproporphyrinogen III. This intermediate is transported
back into mitochondria to complete the oxidation of the macrocy-
cle by the FAD-dependent protoporphyrinogen IX oxidase (EC
1.3.3.4, PPOX). This reaction involves the six-electron oxidation
of the methylene groups linking the pyrrole rings to methenyl
groups thereby generating an extensively conjugated p-electron
system (Fig. 2). As the isoalloxazine ring system can only handle
two electrons at a time, the cofactor needs to run three times
through the catalytic cycle of flavin reduction and reoxidation to
complete the oxidation of protoporphyrinogen IX to protoporphy-
rin IX. This catalytic cycling was suggested to proceed by substrate
oxidation and release of the dihydro- and tetrahydro-intermedi-
ates rather than continuous processing of a constantly bound sub-
strate [32]. PPOX is located in the inner mitochondrial membrane
and anchored by acylation to the leaflet oriented towards the inter-
membrane space [33,34]. Diminished PPOX activity results in var-
iegate porphyria (VP), which belongs to a group of metabolic
disturbances caused by genetic defects affecting heme biosynthesis
(collectively called as porphyrias). Symptoms of autosomal domi-
nant VP include acute abdominal pain, neurological manifestations
and/or cutaneous photosensitivity [35]. Apparently, the disease is
characterized by severe, sometimes life-threatening, crisis trig-
gered by external factors (e.g. medication, toxins) [36]. Perhaps
the most controversial case of VP was postulated for King George
III (1738–1820) who suffered long episodes of mental and physical
illness culminating in the Regency crisis (1788–1789). According to
Macalpine & Hunter, King George III was afflicted by VP, a claim
supported by several pieces of evidence collected on ancestors
and descendants [37,38]. More recently, Cox et al. suggested that
high concentrations of arsenic in the medication administered to
the king may have triggered the episodes of VP [39].

The structure of the human enzyme was solved to 1.9 Å resolu-
tion (pdb code 3nks). Forty-seven variants of PPOX that were found
to cause VP in humans were heterologously expressed in Esche-

richia coli and the properties of the variants studied in vitro [40].
Based on the observed effects and the locus of the amino acid in
the structure of the enzyme the authors of that study classified

the variants according to their proposed effect on either FAD- or
substrate binding or structural alterations of the protein. Interest-
ingly, the Human Gene Mutation Database (www.hgmd.cf.ac.uk)
lists more than 130 mutations, which appear to be uniformly dis-
tributed over the entire length of the gene and concern invariant
amino acids as well as regions of variability.

Pyridoxal 50-phosphate biosynthesis

Pyridoxal 50-phosphate (PLP) serves as a cofactor in more than
140 distinct enzymatic activities and is arguably one of the most
utilized vitamin in nature. According to a recent analysis, the hu-
man genome contains 68 genes encoding proteins with a structural
fold typical for PLP-dependent enzymes [41]. Although functional
assignment of these enzymes was not possible in all cases (14 re-
mained unassigned) this result indicates that the supply of PLP is
critical for the maintenance of numerous metabolic activities espe-
cially in pathways involving biochemical transformations of amino
acids, e.g. PLP-dependent decarboxylations of amino acids to gen-
erate active amines and neurotransmitters. In humans, PLP is
mainly generated by enzymatic phosphorylation and oxidation of
pyridoxine and pyridoxamine. These two vitamers are available
either from nutritional sources or are produced in the course of
the degradation of PLP-containing enzymes. In the first step, they
are phosphorylated by pyridoxal kinase and then oxidized by pyr-
idoxine 50-phosphate oxidase (EC 1.4.3.5, PNPO) to the active
cofactor PLP (Fig. 3). The three-dimensional structures of the en-
zyme from several bacteria as well as the recombinant human en-
zyme were determined by X-ray crystallography ([42], pdb code
1nrg). Interestingly, the structure of the E. coli enzyme features
two PLP binding sites, one in the active site near the flavin’s isoal-
loxazine ring and a second closer to the surface of the dimeric pro-
tein ([43], pdb code 1g79). It is currently unclear whether the latter
binding site is identical to the tight binding site identified by func-
tional studies [43]. The human enzyme (261 amino acids) presum-
ably also features a second tight binding site for PLP, however its
exact location is currently not known [44]. Di Salvo et al. suggested
that this second tight binding site might serve as transient storage
for PLP, which is channeled to the apo-forms of PLP-dependent en-
zymes [44]. In support of this hypothesis, these authors reported
that PNPO from E. coli interacts with several apo-forms of PLP-
dependent enzymes with dissociation constants in the micromolar
range (0.3–56 lM; [44]). Although this appears to be an attractive
process for the delivery of PLP to its target enzymes, it is unlikely
that this is applicable to all human PLP-dependent enzymes be-
cause it would require a common docking site between the single
PNPO and the 68 predicted enzymes. On the other hand, PNPO’s
cytosolic localization would enable the enzyme to deliver PLP di-
rectly to the apo-form of PLP-depenent enzymes in statu nascendi.

Several allelic variants of the PNPO gene were described (OMIM
603287). The reported mutations either lead to premature termi-
nation of protein biosynthesis (at position 174 [45]), extension of
the protein by 28 amino acids (X262N) or splicing errors due to a
mutation in intron 3 [46]. In addition, Mills et al., reported a point
mutation in the PNPO gene resulting in the substitution of arginine
in position 229 with tryptophan [46]. This R229W variant was
recombinantly expressed and characterized by Musayev et al.
[47]. They found that this variant is substantially compromised
in its catalytic efficiency (ca. 850-fold) due to weaker binding of
the substrate and decreased catalytic activity. Moreover, FMN pos-
sessed a 50-fold reduced affinity to the variant (see discussion
above). These effects could be rationalized based on the involve-
ment of the arginine residue in organizing important interactions
in the active site of the enzyme. All of the reported mutations
caused severe deficiency of PNPO activity resulting in neonatal epi-
leptic encephalopathy. This disorder has a very poor prognosis

3 O 3 H O
NH HN NH N3 O2 3 H2O2

NH HN N HNNH HN

O O OO
3nks

O
O O O

O
O

Fig. 2. The penultimate reaction in heme biosynthesis involves the six-electron
oxidation of protoporphyrinogen-IX to protoporphyrin-IX by the FAD-dependent
protoporphyrinogen-IX oxidase (EC 1.3.3.4, PPOX) (human structure: 3nks).
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postnatally and surviving children typically suffer from mental
retardation.

PNPO expression in humans is prevalent in liver and kidney
with most other tissues (brain, heart, muscle) having clearly re-
duced levels of mRNA [48]. Interestingly, abnormally low levels
of PNPO activity were reported for some neoplastic cell lines, e.g.
liver and neurally-derived tumors [49]. Whether and how these
low PNPO activities are connected to tumorigenesis remains to
be investigated.

Coenzyme A biosynthesis

Coenzyme A (CoA) biosynthesis from pantothenic acid (vitamin
B5) is a five-step enzymatic process. The third reaction in this
universal reaction sequence is the decarboxylation of phosphopan-
tothenoylcysteine to 40-phosphopantetheine by phosphopantothe-
noylcysteine decarboxylase (EC 4.1.1.36; PPCD) as shown in Fig. 4
[50]. The structure of the human enzyme shows a non-covalently
bound FMN per protomer of the trimeric protein [51]. In eukary-
otes PPCD occurs as a monofunctional enzyme whereas in most
bacteria – with the exception of streptococci and enterococci –
PPCD is fused with phosphopantothenoylcysteine synthase (PPCS)
the second enzyme of CoA biosynthesis [50]. In contrast to the
reactions described above, the decarboxylation does not involve a
net redox change. PPCD is one of the few examples where the
flavin is not used for a reduction–oxidation reaction in a human
flavoprotein (Table 1, entry #67). However, the flavin apparently
plays a role as a transient electron acceptor during the reaction
involving the transfer of charge from the substrate thiolate group
to the isoalloxazine ring [52]. Currently, the OMIM database does
not list any diseases related to a deficiency of PPCD. This may be
partly due to the fact that approximately 4% of all enzymes utilize
substrates linked to coenzyme A (e.g. acyl-CoAs) [53] and hence a
deficiency in coenzyme A seriously compromises the viability of
cells. This notion is supported by the fact that only the initial
enzyme of coenzyme A biosynthesis, pantothenate kinase (EC
2.7.1.33, PANK), is linked to inherited diseases (OMIM 606157)
but none of the other enzymes required. Interestingly, four iso-
forms of PANK were discovered in the human genome and there-
fore it appears likely that a deficiency of one isoform may be
compensated at least partially by the others [54].

Coenzyme Q biosynthesis

Coenzyme Q or ubiquinone is an essential electron carrier in the
mitochondrial electron transport chain shuttling electrons from
complex I and II to complex III (see also section below). In contrast
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to vitamin-derived coenzymes, ubiquinone is synthesized de novo

from aromatic precursors such as p-hydroxybenzoic acid. In
2011, Pierrel and coworkers identified a FAD-dependent monoox-
ygenase encoded by coq6, for the required hydroxylation in 5-posi-
tion of a ubiquinone precursor in the yeast Saccharomyces

cerevisiae (Fig. 5) [55]. A human homolog of coq6 was recently dis-
covered, which apparently catalyzes the hydroxylation in human
ubiquinone biosynthesis (Table 1, entry #59) [56]. Flavin-depen-
dent monooxygenases (hydroxylases) require a source of electrons
for reduction of the flavin’s isoalloxazine ring in order to enable the
generation of hydroxylating 4a-hydroperoxy intermediates. Based
on the mode of flavin reduction, internal and external monooxyge-
nases are distinguished which either use NAD(P)H or NADH di-
rectly for reduction or rely on the activity of an external
NAD(P)H/NADH:FAD reductase to supply the reduced flavin cofac-
tor [57]. In the case of yeast Coq6p, reduction of FAD is accom-
plished by ferredoxin reductase (termed Arh1) and ferredoxin
(termed Yah1) at the expense of NADPH and thus has the character
of an external reduction mode. It is currently unknown whether
the human enzyme is reduced by the samemechanism. The human
ortholog of coq6 was discovered in search of the genetic cause of
nephrotic syndrome [56] and several reports of coenzyme Q defi-
ciency are compiled in the OMIM (614647).

Steroid biosynthesis

Steroid hormones play fundamental roles in developmental
programs and homeostatic processes. Cholesterol, a central precur-
sor for the biosynthesis of steroid hormones, bile acids and vitamin
D, is synthesized from acetyl-CoA via the mevalonate pathway in a
multistep pathway [58]. A crucial step in the biosynthesis is the
cyclisation of the linear 2,3-oxidosqualene to the first tetracyclic
ring system, lanosterol. The preceding reaction, catalyzed by squa-
lene monooxygenase (EC 1.14.13.132, SQLE), enables this cyclisa-
tion by epoxidation of the 2,3-carbon–carbon double bond
(Fig. 6, top) [59]. The oxygen atom introduced by SQLE remains
in the molecule during processing to the steroid target structures
and is important for the physical (amphiphilic character) and
chemical properties (formation of esters). Although SQLE does
not appear to be linked to an inherited disease, it was suggested
earlier that the gene encoding SQLE is a candidate for Langer–
Giedion syndrome, which is associated with mental retardation
and microcephaly [60]. Interestingly, SQLE became a focus as a

drug target for antimycotic compounds in the 1980s [61]. More
recently it is also discussed as a potentially useful target in
hypercholesterolemic therapy [62,63]. Currently, treatment of
hypercholesterolemia is dominated by statins, which inhibit 3-hy-
droxy-3-methylglutaryl CoA (HMG-CoA) reductase (EC 1.1.1.34), a
central and rate-limiting enzyme in the mevalonate pathway. A
major drawback of HMG-reductase inhibition results from the ad-
verse effects on the biosynthesis of non-steroidal isoprenoids (e.g.
ubiquinone) since the enzyme catalyzes an ‘‘early’’ step in the
pathway. To alleviate this problem steps occurring after the com-
mitting reaction of steroid biosynthesis, i.e. the synthesis of squa-
lene from farnesylpyrophosphate catalyzed by squalene synthase
(EC 2.5.1.21) might be potentially useful targets for the design of
new cholesterol lowering compounds. Because SQLE is the next en-
zyme of this metabolic branch point it is a suitable point of inter-
vention to reduce the biosynthesis of cholesterol [62,63].

The ultimate reaction in cholesterol biosynthesis, the reduction
of desmosterol, is catalyzed by 3b-hydroxysterolD24-reductase (EC
1.3.1.72, DHCR24). In contrast to SQLE, DHCR24 does not activate
dioxygen for insertion into the substrate, but simply reduces the
side-chain double bond at the expense of NADPH (Fig. 6, bottom).
The gene encoding DHCR24 is a human homolog (also termed sel-
adin-1) of the DIMINUTO/DWARF1 gene found in plants and Caeno-

rhabditis elegans [64]. Several mutations in the human gene are
known which result in reduced enzyme activity leading to desmos-
terolosis (OMIM 606418). Some of the mutations discovered are in
or near the FAD binding site and hence may affect FAD binding. In
other cases, however, the mutation is in less conserved areas and
their effect on protein structure, folding or stability is unclear.
Symptoms of the disease present at or shortly after birth and show
a diverse range of developmental anomalies, such as failure to
thrive, micro- or macrocephaly, psychomotor retardation, spastic-
ity and seizures. The observed developmental and neurological de-
fects correspond to the high expression of the gene in neuronal
cells [64]. More recently it was also shown that DHCR24 is impor-
tant for long bone growth in mice indicating that the enzyme’s
activity is also critical for the development of other tissues [65].

Thyroxine biosynthesis and iodine salvage

The thyroid gland produces two iodinated tyrosine-derived hor-
mones, triidothyronine (T3) and thyroxine (T4), which stimulate
metabolism in most tissues. The initial biosynthetic reaction
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Fig. 6. Reactions of the two FAD-dependent enzymes in cholesterol biosynthesis. The reaction shown on top involves the insertion of an oxygen atom (blue circle) by SQLE (EC
1.14.13.132) and the reaction shown on the bottom the reduction of the side chain double bond (green circle) by DHCR24 (EC 1.3.1.72).

W.-D. Lienhart et al. / Archives of Biochemistry and Biophysics 535 (2013) 150–162 159

Chapter 4

63



involves incorporation of iodine into tyrosine residues of thyro-

globulin. In the next step, two neighboring iodotyrosine residues

are oxidatively coupled and the active hormones, T3 and T4, are re-

leased by proteolytic cleavage of the precursor protein. The iodin-

ation and coupling reaction both require hydrogen peroxide, which

is provided by two FAD-dependent thyroid oxidases (termed

DUOX1 and 2) [66,67]. During turnover, FAD is reduced at the ex-

pense of NADPH and then reoxidized by dioxygen yielding hydro-

gen peroxide (Fig. 7). Several allelic variants were reported for

DUOX2 leading to thyroid dyshormonogenesis 6 (OMIM 606759).

How the resulting single amino acid exchange in the observed vari-

ants affect enzyme function is currently not known.

During the production of T3 and T4 substantial amounts of

mono- and diiodotyrosine are released [68]. Because iodine is a

precious trace element, it is recycled in a single reductive step cat-

alyzed by an FMN-dependent dehalogenase (IYD, Fig. 8 [69]). The

released iodine can then be reused by thyroperoxidase for incorpo-

ration into thyroglobulin (see above). Several allelic variants were

reported for IYD, which severely compromise the dehalogenase

activity of the enzyme leading to hypothyroidism (dyshormono-

genesis 4, OMIM 612025) [70,71].

Flavoproteins providing assistance to other flavoproteins: Assembly of

complex I

The human respiratory electron transport chain relies on com-

plex I for electron transfer from NADH to ubiquinone coupled with

proton translocation across the inner mitochondrial membrane. In

the initial reaction NADH reduces the FMN cofactor in the NDUFV1

subunit (EC 1.6.5.3) of complex I, which in turn passes the elec-

trons to iron-sulfur clusters. The formation of complex I, which

consists of at least 36 nuclear- and seven mitochondrial-encoded

subunits (OMIM 252010), requires several assembly factors, such

as NDUFAF1 and NUBPL [72,73]. In addition, two FAD-dependent

proteins recently emerged as critical factors for complex I assem-

bly, ACAD9 and FOXRED1 (Table 1, entries #24 and #73, respec-

tively). The exact role of the FAD-dependent OXidoREDuctase

(FOXRED1) in assembly of complex I is not fully understood at

the moment but it was clearly shown that it is essential for com-

plex I activity in the inner mitochondrial membrane [72,74]. A

BLASTp search identified two human FAD-dependent flavopro-

teins, SARDH and DMGDH, as related (22% and 21% identity,

respectively) enzymes to FOXRED1. FOXRED1 comprises 486 ami-

no acids and thus is much shorter than SARDH and DMGDH with

918 and 866 amino acids, respectively. The similarity of FOXRED1

to SARDH and DMGDH is found in the N-terminal part of the two

dehydrogenases where FAD is covalently bound to a histidine. This

amino acid residue is not conserved in FOXRED1 indicating that the

FAD cofactor may not be covalently bound.

The discovery of FOXRED1 was closely associated with the

search to identify the mechanism of complex I deficiency, leading

for example to mitochondrial encephalopathy. Fassone et al. dem-

onstrated that a point mutation in the FOXRED1 gene led to an

amino acid exchange (R352W) in the putative FAD binding site

[74]. According to their molecular model of the protein this amino

acid exchange could prevent FAD binding and hence compromises

the assumed chaperone activity of the protein.

ACAD9 (EC 1.3.99.-) was first described as an acyl-CoA dehydro-

genase specific for long-chain unsaturated fatty acids [75,76]. Re-

cent evidence however questions the involvement of ACAD9 in

the degradation of long-chain fatty acids in the mitochondrial ma-

trix and suggests a role in biogenesis of complex I instead [77].

Although recombinant ACAD9 possesses dehydrogenase activity

in vitro, mutations in ACAD9 result in complex I deficiency rather

than a disturbance of long-chain fatty acid metabolism [77].

Concluding remarks

Our analysis of the human flavoproteome has led to the identi-

fication of several areas where further research is required. Be-

cause riboflavin must be supplied by the diet uptake in the

human intestine is an important process to make the vitamin avail-

able for the synthesis of FMN and FAD. Three poorly characterized

transporters seem to be responsible for riboflavin uptake in the hu-

man intestine. The relative contribution and role of these
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transporters is currently unclear and warrants further investiga-

tions. A better understanding of the uptake processes may also

have therapeutic benefits as some inherited diseases feature re-

duced flavin affinity to the affected flavoproteins and thus are

potentially treatable by riboflavin supplementation. Equally, little

is known about flavin homeostasis and the processes leading to

degradation and excretion of flavins.

Although many human flavoprotein structures were solved

experimentally by X-ray crystallography or modeled using homol-

ogous structures several flavoproteins still elude structural charac-

terisation. Many of these are associated with cellular membranes

and are therefore more difficult to obtain by recombinant expres-

sion in heterologous hosts. Moreover, membrane integral or asso-

ciated proteins are challenging for structure elucidation by X-ray

crystallography due to their lipophilic character. In view of the

important roles of membrane-associated flavoproteins in humans,

the potential as drug targets (e.g. SQLE) and the involvement in dis-

eases (e.g. DUOX1/2, IYD) determination of the ‘‘missing’’ struc-

tures are certainly rewarding goals.

We found that many genes encoding flavoproteins occur as alle-

lic variants with the potential to cause severe human diseases

(Table 2). The number of allelic variants covers a wide range from

only a few to more than one hundred. With the exception of a few

systematic studies our knowledge of the effect of the mutation on

stability, structure and activity of the flavoprotein is incomplete.

This lack of insight should be improved by detailed analyses of

mutational effects on flavoprotein properties. In light of many indi-

cations that flavoprotein variants suffer from a reduced affinity to

their cognate flavin cofactor this seems to be of particular impor-

tance because riboflavin supplementation may help to remedy

symptoms in affected individuals.

Methods

The names and gene abbreviations of human flavoproteins,

compiled for a previously published review article [2], were used

to search for inherited diseases in the Online Mendalian Inheri-

tance in Man data base (OMIM; http://www.ncbi.nlm.nih.gov/

omim). This search constituted the basis for Table 2 where the

most relevant entry in OMIM is provided as a six-digit number

(right column). The reader is referred to these entries for a com-

plete list of references pertaining to the diseases mentioned in this

article.
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Abstract 
 

Human NAD(P)H:quinone oxidoreductase (NQO1) is essential for the antioxidant defence 

system, stabilization of tumor suppressors (e.g. p53, p33 and p73) and activation of quinone 

based chemotherapeutics. Overexpression of NQO1 in many solid tumours coupled with its 

ability to convert quinone-based chemotherapeutics into potent cytotoxic compounds made it a 

very attractive target for anti-cancer drugs. A naturally occurring single nucleotide polymorphism 

(transition from C609T) leading to an amino acid exchange (P187S) has been implicated in 

development of various cancers and poor survival rates following anthracyclin based adjuvant 

chemotherapy. Despite the importance for cancer prediction and therapy, the exact molecular 

basis for the loss of function in NQO1 P187S is currently unknown. Therefore we solved the 

crystal structure of NQO1 P187S. Surprisingly, this structure is virtually identical to NQO1. 

Employing a combination of NMR spectroscopy and limited proteolysis experiments we 

demonstrate that the single amino acid exchange destabilizes interactions between the core 

and C-terminal domain leading to depopulation of the native structure in solution. This collapse 

of the native structure diminishes cofactor affinity and leads to a less competent FAD binding 

pocket thus severely compromising the catalytic capacity of the variant protein. Hence our 

findings provide a rationale for the loss of function in NQO1 P187S due to a frequently occurring 

single nucleotide polymorphism. This leads us to propose that stabilisation of the native 

structure by molecular chaperones might be a valuable approach to rescue catalytic activity and 

thus enhance quinone-based chemotherapies. 

 

Significance statement 

Chemotherapeutics against cancer are generally designed against validated targets 

disregarding individual genetic dispositions. Recent progress in genetics and DNA-sequencing 

led to the identification of numerous single nucleotide polymorphisms (SNP), which may affect 

the efficiency of drug treatments. A frequent SNP in the human NQO1 gene was shown to be 

involved in cancer progression and poor response to some chemotherapeutics. Current models 

attempting to rationalize the loss of function due to the resulting proline to serine exchange in 

the encoded enzyme are inconclusive mainly due to the lack of structural information. Our study 

provides biochemical and structural evidence that this single amino exchange destabilizes the 

three-dimensional structure thus severely compromising the catalytic properties of the enzyme.  
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Introduction 

 NAD(P)H:quinone oxidoreductase (NQO1; EC 1.6.99.2) is a cytosolic FAD-dependent 

enzyme catalysing the two-electron reduction of quinones to hydroquinones. NQO1 is an 

essential component of the antioxidant defence system preventing the formation of potentially 

harmful semiquinone radicals (1).  Additionally, NQO1 stabilises several tumour suppressors, 

p33ING1b, p53 and p73 thereby exerting an antineoplastic effect (2–5) and also activates 

quinone based chemotherapeutics by reducing the quinone pharmacophore to a cytotoxic 

hydroquinone form (6). Due to a frequent single nucleotide polymorphism (SNP) in the NQO1 

gene (on human chromosome 16q22.1), nucleotide C609 is changed to T, resulting in the 

replacement of proline 187 to serine in the protein (7). The frequency of the NQO1*2 

homozygous genotype was estimated to be between 4% and 20% depending on the ethnic 

group with the highest prevalence in Asian populations (8). The NQO1*2 genotype is associated 

with increased benzene hematotoxicity (9) and poor survival rates of women with breast cancer 

(10). It was proposed that occurrence of the NQO1*2 genotype is a prognostic and predictive 

marker for breast cancer (10).  

 Despite the importance for cancer prediction and therapy, the exact structural and 

molecular basis for the loss of function in NQO1 P187S is currently unknown. The site of amino 

acid exchange (P187S) is neither in the active site of the enzyme, nor near the FAD and 

NAD(P)H binding sites. Therefore it was speculated that the proline to serine replacement leads 

to a local perturbation of a central β-sheet reducing the affinity of FAD thus lowering catalytic 

activity (11). It was also proposed that FAD acts as a chemical chaperone, maintaining the 

properly folded state of NQO1 (12). Our findings establish that the amino acid replacement 

destabilizes the native fold of the enzyme thus contradicting previous assumptions proposed to 

rationalize the loss of function in the NQO1 P187S variant. 

 

Results and discussion 

In view of the important cellular functions of NQO1 and the high frequency of the 

NQO1*2 genotype, we studied the biochemical and structural properties of NQO1 P187S in 

comparison to NQO1. During purification of the recombinant NQO1 proteins by Ni-NTA affinity 

and size exclusion chromatography we noticed that NQO1 P187S was partially depleted of the 

FAD cofactor indicating lower cofactor binding affinity as compared to NQO1. Therefore we 

prepared the apo-forms of NQO1 and NQO1 P187S and studied the binding of the FAD cofactor 

to the apo-forms by monitoring difference absorption changes. As shown in (Fig.1, left 

diagrams, page 74) the spectral perturbations observed for NQO1 and NQO1 P187S show clear 
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differences in their absorption minima and maxima as well as their isosbestic points. However, 

both titrations produced sharp end points (Fig. S1, page 78), indicating that dissociation 

constants of FAD binding are below the micromolar range for both NQO1 and NQO1 P187S. 

Since the dissociation constants for both proteins are in the same range we assumed that 

reduced activity in P187S cannot be explained solely by the loss of FAD as suggested in 

previous studies (12).  For the accurate determination of dissociation constants FAD was 

titrated with apo-NQO1 and apo-NQO1 P187S in a microcalorimeter (for details see Materials & 

Methods, page 85). These ITC measurements showed that each protomer of the dimeric 

proteins has a single FAD binding site, albeit NQO1 P187S exhibits an increase of the 

dissociation constant (Kd) by a factor of 7 compared to NQO1 (Kd = 64 ± 23 nM and 428 ± 90 

nM for NQO1 and NQO1 P187S, respectively; Fig.1, right diagrams, page 74). Thus, our 

experiments show that FAD binding is not only affected qualitatively in terms of the mode of 

physical interactions but also quantitatively (i.e. lower affinity). 

Furthermore, rapid reaction measurements demonstrated that the reductive half 

reaction of the catalytic cycle is severely affected in NQO1 P187S. The bimolecular rate 

constants for NQO1 P187S were decreased by a factor of 300 and 70 with NADH and NADPH, 

respectively (Table S1, page 83). On the other hand, the oxidative half reaction, i.e. reduction of 

a quinone substrate (e.g. benzoquinone or menadione) by the reduced FAD cofactor was still 

very rapid in NQO1 P187S and complete within the dead time of the stopped-flow instrument 

(approx. 5 ms). Since the reductive half reaction is the rate-limiting step in the catalytic cycle the 

lower rate of reduction leads directly to a decrease of catalytic turnover in NQO1 P187S. It 

should be noted in this context that the much lower rate of reduction strongly indicates that the 

FAD binding site is catalytically less competent, corroborating the conclusion that the mode of 

FAD binding is different in NQO1 P187S. 

The observed qualitative and quantitative differences in physical properties of FAD 

binding and catalysis suggested structural perturbations in the FAD binding pocket of NQO1 

P187S. To analyse these putative structural differences we solved the X-ray crystal structure of 

NQO1 P187S (Fig. S2, panel B, page 79) (for data collection and refinement statistics see, 

Table S2, page 84). The first crystallisation attempts were successful in the presence of 

dicoumarol, a competitive inhibitor of NQO1. These crystals diffracted to 2.7 Å and revealed a 

structural topology (Fig. 2A, page 75) virtually identical to the NQO1 crystal structure (13, 14) 

with a root-mean-square-

in the crystal (Fig. S2, panel B, page 79) and in solution. The FAD binding site of NQO1 P187S 

exhibited no discernible differences with the flavin isoalloxazine ring as well as the AMP moiety 
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engaging in the same interactions as NQO1 (Fig. 2B, page 75). The same is true for the region 

around the amino acid exchange site where no significant structural differences between NQO1 

and NQO1 P187S were observed (Fig. 2C, page 75). In the absence of Cibacron blue, slowly 

growing crystals were obtained for NQO1 P187S, which diffracted to 2.2 Å (Fig. S2, panel C, 

page 79) (for data collection and refinement statistics see, Table S2, page 84). With these 

crystals no electron density was obtained for the last 50 C-terminal amino acids (Fig. 3B, page 

76). Apart from the missing C-terminus, NQO1 P187S shows no differences to NQO1 in the 

topology of the structure and the active site (Fig. S2, panel C, page 79). ESI-MS analysis of a 

protein crystal taken from the same crystallisation drop confirmed that the protein was truncated 

indicating that the C-terminus was lost due to proteolytic cleavage. Closer inspection of the 

missing C-terminal amino acids revealed that the cleavage of NQO1 P187S had occurred at 

amino acid 224 (Fig. 2C, page 75). It appears that the proline to serine replacement weakens 

the interaction of the core domain with the C-terminal domain and leads to a higher mobility in 

both domains. A plausible explanation for this destabilisation is that the replacement of the 

hydrophobic proline which is surrounded by mainly hydrophobic residues (Leu145, Ile147, 

Leu169, Leu189 and Ile170, Fig. 2C, page 75), by a hydrophilic serine residue leads to 

perturbations in the hydrophobic pocket thereby affecting the interactions with the C-terminus.  

To further investigate this phenomenon, we performed limited proteolysis experiments and 

analysed the tryptic fragments by MALDI-TOF MS. As shown in (Fig. 3A, page 76) NQO1 

P187S was rapidly cleaved by trypsin while NQO1 was much less susceptible to proteolytic 

cleavage. Complete in-gel tryptic digestion of the main fragments (inset 1 and 2, Fig. 3A, page 

76) and subsequent peptide fingerprinting confirmed that the C-terminus was completely 

digested within 5 minutes in NQO1 P187S but still present in NQO1 (Fig. S3, page 80). The C-

terminus of NQO1 is digested much more slowly than in NQO1 P187S, i.e. more than half of the 

protein retained the C-terminus even after 160 minutes of incubation. A recent proposition that 

NQO1 P187S adopts a native conformation in the presence of excess FAD (12) was not 

confirmed in our limited proteolysis experiments (Fig. S4, page 81). To assess the role of the C-

terminus in catalysis, we generated truncated variants, NQO1 Δ50 and NQO1 P187S Δ50 in 

which 50 amino acids were deleted at the C-terminus. In the case of NQO1 Δ50 the bimolecular 

rate constant for FAD reduction dropped drastically whereas the truncated NQO1 P187S Δ50 

was only marginally affected by the C-terminal deletion (Table S1, page 83). 

Although our spectroscopic and kinetic measurements have documented the effects of the 

proline to serine exchange on catalytic function the determined crystal structure of NQO1 

P187S is virtually identical to NQO1 and hence does not provide a structure based explanation 
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for the loss of enzymatic activity. This prompted us to employ NMR-spectroscopy to 

characterize the structural properties of NQO1 and NQO1 P187S in solution.  

Both one-dimensional proton spectra (Fig. S5, page 82) as well as 2D 1H-15N-HSQC 

measurements (Fig. 4 A and C, page 77), obtained with uniformly 15N-labelled proteins, 

revealed significant structural differences between NQO1 and NQO1 P187S. Signals indicative 

of a well folded protein (e.g. peaks below 0 ppm in the 1H-NMR spectrum) and well dispersed 

signals beyond ~8.5 ppm in 1H-15N-HSQC spectra were significantly more pronounced in NQO1 

(Fig. S5, page 82). To gain further insight into the dynamic behaviour, we carried out 15N 

relaxation measurements. Histograms showing the distribution of rotational correlation times c 

are presented in (Fig. 4B and D, page 77). Short correlation times (< 20 ns) are indicative of 

highly flexible residues, while the well-structured regions of a protein in the molecular mass 

range of NQO1 should give rise to values around 30-40 ns. In the case of NQO1 P187S very 

short correlation times were observed whereas much longer correlation times of up to 58 ns 

were observed for NQO1 (compare panels B and D in Fig. 4, page 77). Using 13C, 15N double-

labelled NQO1 several of the peaks for flexible residues could be assigned and they all lie either 

in the N-terminal hexahistidine-tag or the last ten C-terminal residues. Peaks missing in the 1H-

15N-HSQC of NQO1 P187S (Fig. 4C, page 77) are likely in the intermediate-fast motional 

regime (kex~ms), leaving only the very flexible residues observable. Since we know from X-ray 

crystallography that the NQO1 P187S adopts a structure identical to NQO1 in the crystal we 

assume that disordered and more flexible conformations seen in NMR-spectroscopy are in 

equilibrium with the native conformation. However, it is apparent that the percentage of NQO1 

P187S exhibiting native conformation is negligible since rapid reaction experiments (Table S1, 

page 83) show that the catalytic activity of NQO1 P187S is severely compromised. 

Predictable efficacy and preventing adverse side effects are major goals in anticancer 

drug discovery and chemotherapy. The overexpression of NQO1 in various solid tumours and 

its ability to activate quinone based chemotherapeutics rendered it an attractive target for 

anticancer treatment (6). Recently, EPI-743 a quinone based drug targeting NQO1 was granted 

orphan designation for treating mitochondrial diseases. Yet no information is currently available 

on how patients with homozygous NQO1*2 genotype respond to this drug (15). On the other 

hand the effects of NQO1 polymorphism and its implications for anti-cancer chemotherapy has 

been well studied for over a decade (8). A recent study reported the association of the NQO1*2 

homozygous genotype to adverse breast cancer outcome as well as poor survival rates after 

anthracycline-based chemotherapy (17% for NQO1*2 versus 75% for other genotypes) (10). 

The wealth of information on the involvement of the NQO1 P187S variant in cancer 
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development and the failure to active chemotherapeutics was contrasted by a lack of knowledge 

to rationalize the loss of function on a molecular level. Our study has remedied this situation and 

provides a structural and biochemical basis for further explorations to use NQO1 as a drug 

target. 

In summary, the experimental findings reported in this study have established the 

molecular cause of the severely compromised enzymatic activity and stability of NQO1 P187S. 

The single amino acid substitution of proline 187 to serine destabilises a crucial interdomain 

contact and results in a higher mobility of the C-terminal and core domain, which in turn leads to 

the depopulation of a highly ordered (native) state, consequently compromising cofactor binding 

and catalytic efficiency. This study also emphasizes the importance of combining structural 

methods to enhance our understanding of the effects SNP have on protein properties, in 

particular folding dynamics. In the case of NQO1, it is conceivable that efforts to reinforce 

interdomain contacts, for example by small molecular chaperones, may lead to a repopulation of 

the catalytically competent native structure thus paving the way for more efficient treatment with 

quinone based anti-cancer drugs. 
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Fig. 1. The binding mode and affinity of Fad towards NQO1 P187S are different compared to 

that of NQO1.  Left diagrams: UV/Vis difference absorption spectra. Representative difference 

absorption spectra obtained from the difference titration of apo-NQO1 and apo-NQO1 P187S 

with the FAD cofactor in the spectral range of 300 nm to 550 nm.   

Right diagrams: Isothermal titration calorimetry. NQO1 (top right) and NQO1 P187S (bottom 

right) were titrated into a FAD solution. The upper panel in each diagram shows the time-

dependent release of heat during the titration (exothermic). Peak integrals as a function of the 

FAD to protein molar ratio are shown in the bottom panel of each diagram. 
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Fig. 2. Crystal structure of the NQO1 P187S in virtually identical to NQO1. (A)  Crystal structure 

of a NQO1 P187S (gold) subunit superimposed on NQO1 (grey) (PDB: 1d4a) (B) Close-up view 

of the FAD binding site in NQO1 P187S. FAD molecule is represented as ball and stick model, 

while the two subunits of NQO1 are represented as cartoon and shown in red and gold colours.  

Hydrogen bonds between FAD and protein backbone are depicted as yellow dashed lines. (C) 

Stereo representation showing the site of the amino acid replacement, NQO1 P187S (gold) is 

superimposed on NQO1 (grey) 
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  A.                                                       B. 

 

Fig. 3. The C-terminus of NQO1 P187S is flexible. (A) Limited proteolysis of NQO1, and 

NQO1 P187S by trypsin analysed by SDS-PAGE. The C-terminal region of NQO1 P187S 

was proteolysed within 5 minutes indicating that it is flexible. (B) Superimposed X-ray 

crystal structures of NQO1 (grey) and NQO1 P187S (C-terminal truncation), (magenta).  

The C-terminus of NQO1 P187S was randomly cleaved by an unknown protease during the 

crystallization procedure confirming our hypothesis that the C-Terminus is flexible. 
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Figure 4: NQO1 P187S loses its structure in solution. 2D 1H-15N HSQC spectra of NQO1 and 

the NQO1 P187S are shown in panels (A and C) respectively. In the panels below (B and D) 

the distribution of rotational correlation times (c in ns) for NQO1 and the NQO1 P187S are 

shown. Almost complete absence of well dispersed signals in the HSQC spectrum and of long 

c values are indicative of increased mobility in the NQO1 P187S. 
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Fig. S1. Differential titration of NQO1 and NQO1 P187S, The spectral change (Fig. 1, left 

diagrams) was monitored by plotting the sum of the absolute value at 435 and 483nm (NQO1) 

or 437 and 491nm (NQO1 P187S) of all the spectra against the ratio of FAD to protein The data 

indicates a binding ratio of one FAD per subunit for both NQO1 and NQO1 P187S. 
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Fig. S2. Comparison of the X-ray crystallographic dimeric structures of NQO1, NQO1 P187S 

and NQO1 P187S. All three proteins exist as dimers in the crystal structure and exhibit similar 

structural topology.  (A)  X-ray crystal structure of NQO1 (PDB code: 1d4a).  (B and C) X-ray 

crystal structures of NQO1 P187S and NQO1 P187S Δ50, respectively. FAD cofactor (A, B and 

C)) and Cibacron Blue (B) are shown as stick models.                                                                                                                                                                                                                                                 
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Fig. S3: MALDI-TOF MS analysis of NQO1 proteins after limited proteolysis. The C-terminus of 

NQO1 P187S is rapidly proteolysed compared to that of NQO1. (A) Theoretical tryptic digest of 

NQO1 generated by ExPASy PeptideCutter tool; peptide sequences colored in red are used as 

a peptide fingerprint for analyzing the MALDI-TOF MS data. (B) Tabular form listing the 

observed peptides after MALDI-TOF MS of  NQO1 and NQO1 P187S protein from SDS-PAGE 

bands (Inset 1 & 2, Fig. 3A) 
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Fig. S4: Inter-domain association between C-terminus and core domains of NQO1 P187S 

is not stabilized by the presence of FAD. NQO1, apo-Nqo1 and NQO1 P187S were 

subjected to limited tryptic digestion, in the presence (bottom panel) or absence (top 

panels) of excess FAD. 30 µM protein solution was digested with 2 ng/µl of sequencing 

grade modified trypsin in the presence or absence of 300 µM FAD and analyzed by SDS-

PAGE. In the presence of FAD, apo-NQO1 was stabilized whereas the C-terminus of 

NQO1 P187S is completely cleaved within 5 minutes. NQO1 P187S was stabilised after 

proteolysis of the C-terminus indicating that FAD does not stabilise the interaction 

between the C-terminus and the core domain. 
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Fig. S5:  NQO1 P187S exhibits different structural topology in solution to that of NQO1. 

Intensities of 1H NMR spectra NQO1 (blue) and NQO1 P187S (red) were normalized on 

the methyl region (0.9 p.p.m) and superimposed. Signals outside the random coil regions 

(Arrows), which reflect tertiary structure, are much more pronounced for NQO1 than 

NQO1 P187S indicating its loss of structure in solution. 
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Table S1: Rapid Reaction kinetics. Bimolecular rate constants (M-1 min-1) determined 

for NQO1 proteins using NADH or NADPH as reducing agent. The absorbance change 

of protein bound FAD at 445 nm was monitored in a stopped-flow instrument at 4 °C. 
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Table S2: Crystallographic data and refinement statistics for NQO1 P187S and NQO1 P187S 

(C-terminal truncation) crystal structures. 
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Materials & Methods  

Molecular cloning of nqo1 

 The nqo1 gene sequence (UniProtKB/Swiss-Prot: P15559) was codon optimized for E. 

coli expression and chemically synthesized (GeneArt, Carlsbad, Californai, USA). The NQO1 

genes were cloned into pET28a (Merck, Darmstadt, Germany) vector using Nde1 and Xho1 

restriction sites to encode for a N-terminal histidine tagged fusion protein using gene specific 

primers (Eurofins, Luxembourg). NQO1 P187S, NQO1 Δ 50 and NQO1 P187S Δ 50 were 

generated by using QuikChange® II XL Site-Directed Mutagenesis Kit (Santa Clara, California, 

USA) 

 

Protein expression purification 

 Protein expression was carried out in LB Broth (5 g/l sodium chloride) containing (50 

μg/l) kanamycin. Fresh medium was inoculated with 40 ml/l of an over night culture and grown 

to an OD600 of 0.95 before induction with 0.4 mM IPTG. Cells were harvested at 17,600 g for 5 

min, resuspended in 1% saline solution and pelleted at 3,700 g at 4 °C for 45 min. Cell pellets 

were resuspended in lysis buffer (50 mM HEPES, 150 mM NaCl, 10 mM imidazol, pH 7.0) with 

2 ml buffer per 1 g pellet. A pinch of FAD (disodium salt hydrate from Sigma Aldrich, St. Louis, 

Missouri, USA) and 10 μl of protease inhibitor cocktail for use in purification of histidine-tagged 

proteins in DMSO solution (Sigma Aldrich, St. Louis, Missouri, USA) were added per 25 ml of 

slurry. Cell disruption was achieved by sonication with a Labsonic P instrument (Sartorius, 

Göttingen, Germany) with 70% intensity and 0.5 s pulses for 10 minutes on ice. The cell lysate 

was centrifuged at 38,759 g for 30 min and the supernatant was loaded onto a 5 ml HisTrapTM 

FF (GE Healthcare, Little Chalfont, UK) column previously equilibrated with 50 mM HEPES, 150 

mM NaCl, 20 mM imidazole, pH 7.0. The column was washed with 50 ml of 50 mM HEPES, 150 

mM NaCl, 50 mM imidazole, pH 7.0 after which proteins were eluted with 50 mM HEPES, 150 

mM NaCl, 300 mM imidazole, pH 7.0. Fractions containing target proteins were pooled and 

concentrated with centrifugal filter units (Amicon Ultra-15, 30 k; Millipore, Billerica, 

Massachusetts, USA). Concentrated protein was applied onto a HiLoad 16/60 Superdex 200 

prep grade column (GE Healthcare, Little Chalfont, UK) equilibrated with 50 mM sodium 

phosphate, 150 mM NaCl, pH 7.0 for further purification. The fractions containing target proteins 

were collected, followed by rebuffering with a PD-10 desalting column (GE Healthcare, Little 

Chalfont, UK) in 50 mM HEPES, pH 7.0. The protein solutions was shock frozen and stored at -

80 °C if not used immediately. 
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Apoprotein preparation 

 NQO1 or NQO1 P187S were applied onto 5ml HisTrapTM FF (GE Healthcare, Little 

Chalfont, UK) column previously equilibrated with 50 mM HEPES, 150 mM NaCl, 20 mM 

imidazole, pH 7.0. The column was washed with 50 ml buffer containing 50 mM HEPES, 150 

mM NaCl, 2 M urea, 2 M KBr, pH 7.0 and then reequilibrated with 50 mM HEPES, 150 mM 

NaCl, 20 mM, imidazole, pH 7.0 (approx. 25 ml). Apo-protein was then eluted with 50 mM 

HEPES, 150 mM NaCl, 300 mM imidazol, pH 7.0. Removal of FAD was verified 

spectrophotometrically after rebuffering the protein into 50 mM HEPES, pH 7.0, employing PD-

10 desalting columns (GE Healthcare, Little Chalfont, UK).  

 

Difference titration 

 Difference titrations were carried out in tandem cuvettes (two separated chambers in the 

sample and reference cuvette) using a Specord 200 plus photometer (Analytik Jena, Jena, 

Germany) at 25 °C. The cuvettes were filled with 800 μl of 50 μM apo-protein solution in buffer 

(50 mM Tris, 150 mM NaCl, pH 7.5) in one chamber and 800 μl of buffer in the other chamber. 

Titrations were performed by additions of a FAD solution (1 mM) to the apo-protein in the 

sample cuvette and to the buffer in the reference cuvette. In each step the same volume of 

buffer was added to the apo-protein solution in the reference cell to compensate for the dilution 

of the apo-protein in the sample cuvette. After completion of the additions an absorption 

spectrum from 250 to 800 nm was recorded.  

 

Isothermal titration microcalorimetry (ITC) 

 A VP-ITC system (MicroCal, GE Healthcare, Little Chalfont, UK) was used for 

calorimetric determination of the dissociation constants for FAD. All experiments were 

performed at 25 °C in 50 mM HEPES, pH 7.0 buffer and solutions were degassed before 

measurements. The titration experiments were performed with 290 μM ± 10 μM apo-protein 

solution in the syringe and 27 μM ± 1 μM FAD solution in the measurement cell. The 

concentration of FAD and the apo-protein was determined spectrophotometrically. All 

experiments comprised 35 injections (initial injection of 2 μl, injection duration time 4 s, spacing 

time 300 s followed by 34 injections of 6 μl, injection duration time 5.4 s, spacing time 300 s). 

Standard measurements without FAD were subtracted and the first measurement point is 

rejected while the remaining data points were analysed assuming a single site binding model 

with Origin version 7.0 (MicroCal) for ITC data analysis. 
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Limited proteolysis  

 30 µM of NQO1, apo NQO1 and NQO1 P187S in 50 mM HEPES, 150 mM NaCl pH 7.5 

buffer were subjected to limited proteolysis at 37 °C by adding trypsin  (Promega, Madison, 

Wisconsin, USA)  to a final concentration of 2 µg/ml. The reaction was stopped after 5, 10, 20 

and 40 minutes by adding SDS sample buffer to aliquots of reaction mixture and immediately 

boiling at 95 °C for ten minutes. 300 µM FAD was added to the protein solution prior to the 

addition of trypsin (Fig. S4). The samples were analysed by performing SDS-PAGE with precast 

gradient gels (Thermo Scientific, Waltham, Massachusetts, USA) (Fig. 3A) or by linear 12.5 % 

polyacrylamide gels (Fig. S4). 

 

Maldi-TOF MS 

 Coomassie stained protein gel bands (Inset 1 and 2 Fig. 3a) were excised and destained 

by following standard in-gel digestion protocols. The cysteine residues were in-gel alkylated and 

reduced using iodoacetamide and dithiothreitol, respectively. The proteins were in-gel digested 

with trypsin at 37 °C. Peptide mixtures were extracted after trypsin digestion and the mixture 

was desalted using ZipTip (Millipore, Darmstadt, Germany). The purified peptides were spotted 

on a MALDI target plate together with matrix α-cyano-4-hydroxycinnamic acid and the spectra 

were recorded on a Micromass TofSpec 2E  in reflectron mode at an accelerating voltage of 

+20 kV.  The instrument was calibrated using polyethylene glycol mixture (Sigma-Aldrich, St. 

Louis, Missouri, USA). ProteoMasS ACTH Fragment 18-39 (Sigma-Aldrich, St. Louis, Missouri, 

USA) was used as peptide calibration standard for the instrument. The spectra were analysed 

by using Masslynx 4.1 software and peptide mass profiles were assigned. 

 

Labelling of NQO1and NQO1 P187S with 15N / 13C 

 Instead of LB broth (Lennox) a minimal medium containing 6,8 g/l Na2HPO4, 3 g/l 

KH2PO4, 0.5 g/l NaCl, 1 g/l 15NH4Cl, 3 g/l glucose, 1 μg/l biotin, 1 μg/l thiamin, 50 μg/ml 

kanamycin and 1 ml 1000x microsalts [150 mM CaCl2, 20 mM, FeCl3, 50 mM H3BO3, 150 µM 

CoCl2, 800 µM CuCl2, 1.5 mM ZnCl2, 15 µM (NH4)6Mo7O24.4H2O] was used for protein 

expression as described above. For double labelling of proteins with 15N and 13C 0.75 g/l 

15NH4Cl and 2 g/l 13C-glucose were used (Eurisotop, Saarbrücken, Germany) in the minimal 

medium. 
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NMR spectroscopy  

 One-dimensional 1H NMR spectra were recorded with a Bruker Avance III 500 MHz 

NMR spectrometer at 298 K (Bruker, Rheinstetten, Germany). All other NMR experiments were 

carried out with a Bruker Avance III 700 MHz NMR spectrometer, equipped with a cryogenically 

cooled, 5 mm TCI probe at 298 K. Samples containing between 20-40 mg/ml NQO1 or NQO1 

P187S in 50 mM HEPES, pH 6.5 in 90% H2O and 10% D2O were used for NMR measurements. 

For 15N relaxation measurements, series of ten interleaved, relaxation edited, 1H-15N HSQC 

spectra were recorded. The spectra were processed with nmrPipe (16) and analysed with 

CcpNmr(17). Rotational correlation times were calculated from the 15N T1/T2 ratios as 

described(18). 

 

Stopped flow kinetics 

 Stopped flow measurements were carried out with a Hi-Tech (SF-61DX2) stopped flow 

device (TgK Scientific Limited, Bradford-on-Avon, UK), positioned in a glove box from Belle 

Technology (Weymouth, UK) at 4 °C. Buffers were flushed with nitrogen, followed by incubation 

in the glove box environment. The enzyme and substrate solutions were deoxygenated by 

incubation in the glove box environment and then diluted with buffer to the required 

concentrations. Enzyme and substrate were rapidly mixed in the stopped-flow device and FAD 

oxidation and reduction were measured by monitoring changes at A455 with a KinetaScanT 

diode array detector (MG-6560, TgK Scientific Limited). Initial rates were calculated by fitting the 

curves with Specfit 32, a multivariate data analysis program (Spectrum Software Associates, 

Chapel Hill, North Carolina, USA), using a two exponential function. 

   

 The reductive half reaction was investigated by mixing proteins (40 µM) in 50 mM 

HEPES (pH 7.0) with NADPH or NADH in the stopped flow device. In the case of NQO1 the 

NAD(P)H concentrations were in the range of 50–200 µM and in the case of NQO1 P187S, 

NQO1 Δ50 and NQO1 P187S Δ50  the NAD(P)H concentrations were between 50 µM and 5 

mM. The absorption decrease was monitored at 455 nm. To study the oxidative half reaction, 

proteins (40 µM) in 50 mM HEPES (pH 7.0) were first reduced by the addition of equimolar 

amounts of NADH. The reduced enzymes were then mixed with either benzoquinone or 

menadione (30 to 100 µM) and the reoxidation of the reduced FAD cofactor was monitored at 

455 nm. 
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Crystallization conditions used for obtaining NQO1 P187S structure  

 11 mg/ml of NQO1 P187S in 50 mM Hepes, pH  7.0 mixed with saturated dicoumarol 

and equimolar Cibacron blue was crystallized by the microbatch method in a precipitating 

solution containing 60% Tacsimate™, pH 7.0 (Hampton Research Index Screen, condition 29) 

and were incubated at 289 K. The total drop volume was 1 µl with equal amounts of protein and 

precipitant solution. The bluish crystal grew to full size (~ 85 µm) within 30 days. Crystals were 

harvested from their mother liquor with CryoLoops™ (Hampton Research) and flash-cooled in 

liquid nitrogen. 

Crystallization conditions used for obtaining NQO1 P187S structure (C-terminal 

truncation)  

 11 mg/ml of NQO1 P187S in 50 mM HEPES, pH 7.0 mixed with saturated dicoumarol 

(3,3′-methylene-bis(4-hydroxycoumarin) was crystallized by vapour batch method in a 

precipitating solution containing: 5 mM cobalt(II) chloride hexahydrate, 5 mM nickel(II) chloride 

hexahydrate, 5 mM cadmium chloride hydrate, 5 mM magnesium chloride hexahydrate, 100 mM 

HEPES, pH 7.5 and 12% (w/v) PEG 3350 (Hampton Research Index Screen, condition 64) and 

were incubated at 289 K. The total drop volume was 1 µL with equal amounts of protein and 

precipitant solution. The yellow crystals grew to full size (~ 80 µm) within 2 months. Crystals 

were harvested from their mother liquor with CryoLoops™ (Hampton Research) and flash-

cooled in liquid nitrogen. 

Structure Determination and Refinement of NQO1 P187S (C-terminal truncation) 

 A complete dataset for NQO1 P187S with a C-terminal truncation was collected from a 

single crystal at the beamline XRD1 (λ = 1.1 Å) at ELETTRA (Trieste, Italy). The dataset was 

collected to 2.2 Å resolution from a tetragonal crystal (space group P41212). The data were 

processed with the program XIA2(19). The calculated Matthews coefficient (20) indicated the 

presence of 1 molecule per asymmetric unit. The structure was solved by molecular 

replacement method using the programs PHENIX AutoMR (21) and PHASER(22)  using the 

structure of the NQO1 protomer (PDB entry 1qbg) as search template. The best PHASER result 

(based on log-likelihood statistics) was further used as input model for the automated chain-

tracing/rebuilding program BUCCANEER (23). Rfree values were computed from 5% randomly 

chosen reflections which were not used during refinement(24). Structure refinement and model 

rebuilding were carried out with the programs PHENIX (21) and COOT (25, 26) by alternating 
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real-space fitting against A -weighted 2Fo – Fc and Fo – Fc electron density maps and least 

square optimizations. Water molecules were placed into the difference electron density map and 

accepted or rejected according to geometry criteria as well as refined B-factors. The final model 

was refined to R = 17.6% and Rfree = 22.4%. Details of the data reduction and structure 

refinement are listed in (table S2). 

Electron density could not be observed for the first 2 and the last 51 residues (missing 

C-terminal region). Additional electron density in the active site was assigned to the cofactor 

FAD and dicoumarol. Validation of the structure was carried out with the program 

MOLPROBITY (27) yielding a Ramachandran plot with 97.3% of the residues in favoured 

regions, 2.7% in allowed and none in disallowed regions. Prediction of the biologically active 

form of NQO1 P187S (C-terminal truncation)  was done using the PISA server(28). 

Structure Determination and Refinement of NQO1 P187S  

 A complete dataset was collected from a single crystal at beamline ID-29 (λ= 1.0 Å) at 

the European Synchrotron Radiation Facility. The dataset was collected to 2.69 Å resolution 

from an orthorhombic crystal (space group I222). Data were processed using the program 

XDS(29). Analysis of the dataset with the program PHENIX (21) showed a pseudo-merohedral 

twin operator with a twin law “–k, -h, -l” and a twin fraction of 39% according to Yeates´ L-

test(30). Patterson analysis revealed a significant off-origin peak of 49.5% of the origin peak, 

indicating pseudo translational symmetry. The calculated Matthews coefficient (20) indicated the 

presence of 2 molecules per asymmetric unit. The structure was solved by molecular 

replacement using the program PHASER (22) and the detwinned dataset produced using the 

program DETWIN(20). The partially refined structure of NQO1 P187S (C-terminal truncation) 

was used as search template. The best PHASER result (based on log-likelihood statistics) was 

further used as input model for the automated chain-tracing/rebuilding program 

BUCCANEER(23). Rfree values were computed from 5% randomly chosen reflections which 

were not used during refinement(24). Structure refinement and model rebuilding were carried 

out with the programs PHENIX (21) and COOT (25, 26) by alternating real-space fitting against 

A -weighted 2Fo – Fc and Fo – Fc electron density maps and least square optimizations. 7 water 

molecules were manually placed into strong peaks of difference electron density map. The final 

model was refined to R = 18.5% and Rfree = 20.7%. Details of the data reduction and structure 

refinement are listed in (table S2). 
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Electron density could not be observed for residues 1-3 and residue 274 in one 

protomer and  for residues 1-3 in the other protomer. The cofactor FAD and the ligand Cibacron 

blue were placed manually into the difference electron density map. Electron density for 

dicoumarol could not be identified. Validation of the structure was carried out with the program 

MOLPROBITY(27) yielding a Ramachandran plot with 93.5% of the residues in favoured 

regions, 6.5% in allowed and none in disallowed regions. Prediction of the biologically active 

form of NQO1 P187S was done using the PISA server 28. Figures were created using the 

program PyMOL (31). 
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Biochemical characterization of human NAD(P)H:quinone 

oxidoreductase (NQO1) variant NQO1 R139W 

6.1 Introduction 

 Human cytoplasmic 2-electron reductase NAD(P)H:quinone oxidoreductase (NQO1) is 

essential for quinone detoxification. The ability of NQO1 to reduce quinone based anti tumour 

pro drugs to cytotoxic drugs, coupled with  the up regulation of NQO1  in various solid tumors 

(e.g. lung, breast and pancreatic tumors) made it an attractive target for cancer treatment (1). 

Simultaneously, evidence has been increasingly emerging about multiple roles of NQO1 in 

cancer development and progression (2). In this context, NQO1 polymorphisms were widely 

researched in the last decade.  

 The number of single-nucleotide polymorphisms (SNPs) reported in the NQO1 increased 

greatly in the last decade, 22 SNPs were reported in 2002 and this number has since increased 

to 91 in 2008 (3, 4). The two most commonly occurring SNPs in NQO1 are C609T (NQO1*2; 

NQO1 P187S) and C465T (NQO1*3; NQO1 R139W). The frequency of NQO1*2 varies between 

16-49%, while that of NQO1*3 varies between 0-5 % among different ethnic populations (4). 

NQO1 P187S has been extensively studied in the last few years and the effects of this amino 

acid exchange are discussed in detail in chapter 5. Contrastingly, NQO1 R139 has been poorly 

studied and information regarding how the amino acid exchange affects the protein is largely 

unknown.  

 Homozygous mutant alleles (NQO1*3, C465T) encoding for NQO1 R139W were 

discovered in the HCT 116-R3OA cell line. This cell line is a mitomycin-c resistant sub line 

derived from human colorectal carcinoma HCT-116 cell line which is heterozygous for NQO1*3 

(5). Mitomycin-c is a quinone based cytotoxic antibiotic used for the treatment of solid tumors 

e.g. stomach, pancreas, breast and lung tumors (6). Gain of mitomycin-c resistance in HCT 

116-R3OA cell line was initially ascribed to lower concentrations of NQO1 R139W (5). It was 

proposed that the depletion NQO1 R139W could be due to alternative splicing of NQO1 pre 

mRNA. An alternative splicing site is present at the boundary of intron-4 and exon-4 (nucleotide 

position 465 in the open reading frame or amino acid position 139 in the peptide chain) (7). 

Alternate splicing of NQO1 pre mRNA at this position results in a new species of mRNA, exon 

4-deleted mRNA. This alternative splicing occurs in all three variants of NQO1, albeit at different 
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levels (8). This alternative splicing site if further modified by the SNP (C465T) resulting in much 

higher levels of exon 4-deleted mRNA in NQO1*3 genotype. The ratio of full length to exon 4-

deleted mRNA in HCT 116-R3OA cell line is 66:34, while the wild type NQO1 cells have a ratio 

of 90:10 (8). The exon 4 of NQO1 encodes for amino acids 102-139 (figure 1, A) (7). Even 

though the exon 4-deleted mRNA encodes for an open reading frame, it is highly probable that 

the resulting protein is dysfunctional since the amino acids 104-107 belonging to exon4 form a 

β-turn which is essential for the FAD cofactor binding (figure 1, B). Exchange of amino acids in a 

similar β-turn of Lot6p an orthologue of NQO1 lead to the loss of FMN cofactor and 

subsequently a dysfunctional enzyme (chapter 2). 

 

          

Figure 1: The amino acids encoded by exon 4 are crucial for binding of the FAD 

cofactor. A. A single protomer of NQO1 is represented as a cartoon (blue), the 

FAD cofactor is shown in yellow and the amino acids encoded by exon 4 are 

shown in red. B.  The amino acids of NQO1 (104-G10) which are a part of exon 4 

are represented as surface (red) forming a part of the FAD cofactor (yellow) 

binding pocket.  

 Pan et.al., showed that the loss of in vivo NQO1 R139W enzymatic activity in HCT 116-

R3OA cell line can be partially restored by preventing the formation of exon 4-deleted mRNA 

(8). It is surprising that the authors of the above mentioned study did not compare the in vivo 

enzymatic activity of NQO1 in wild type cell line compared to that of HCT 116-R3OA cell line. It 
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is possible that HCT 116-R3OA cell line will have comparable enzymatic activity to that wild type 

cell line since full length mRNA (90% NQO1:34% NQO1*3) is present in both cell lines.  

  Intriguingly, no evidence was available as to how the HCT 116-R3OA cell line responds 

to other quinone based drugs (e.g. β-lapachone and benzoquinone ansamycins) shown to be 

activated by NQO1. It is still unknown how the HCT 116-R3OA gained the resistance to 

mitomycin-C while the parent cell line HCT 116 is susceptible to mitomycin-c. It is possible that 

NQO1 R139W enzyme is unable to reduce mitomycin-c. Since, HCT 116-R3OA cells are 

resistant to mitomycin treatment even though they posses 34% of full length mRNA encoding for 

NQO1 R139W. In this context it would be interesting to biochemically characterize NQO R139W 

and evaluate its ability to reduce mitomycin-c. 

6.2 Results, discussion and future work 

 NQO1 R139 enzyme was cloned, expressed and purified in a similar fashion to NQO1 

P187S mentioned in chapter 5. Preliminary, difference titration, isothermal calorimetry, rapid 

reaction measurements, partial proteolysis and X-ray crystallography experiments indicated that 

NQO1 R139W exhibits similar biochemical and structural properties to that of NQO1 (data not 

shown). The data obtained from difference titration and isothermal calorimetry experiments is 

only indicative but not conclusive, hence these experiments will be repeated in the near future. 

The X-ray crystal structure of NQO1 R139W has yet to be refined in order to arrive at proper 

conclusions. On the other hand, partial proteolysis and rapid reaction measurements 

conclusively showed that NQO1 R139W behaves similarly to NQO1.  

 Reduction of quinone moiety to cytotoxic hydroquinone is essential for cytotoxicity of 

many quinone based anti cancer drugs. NQO1 was known to efficiently reduce quinones to 

hydroquinones. However, evidence regarding NQO1’s ability to activate prodrugs is still 

inconclusive with many studies reporting contrasting results. Several quinone based 

chemotherapeutics were reported to be activated by NQO, e.g. alkylators mitomycin-c, RH1(2,5-

diaziridinyl-3-(hydroxymethyl)-6-methyl-1,4-benzoquinone), indolequinone EO9 and redox 

cycling compounds streptonigrin and β-lapachone (9). Currently, unequivocal evidence showing 

that these compounds are activated by NQO1 but not other reductases (e.g. cytochrome P450 

reductase, cytochrome b5 reductase, NQO2, carbonyl reductases, and thioredoxin reductase) is 

not available since the majority of conclusions were based on experiments performed with cell 

lines rather than purified enzymes (6).  
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 In this context we have studied the biochemical and structural properties of NQO1 

P187S completely and NQO1 R139W partially. It would be interesting to test the ability of NQO1 

variants to activate the above mentioned chemotherapeutics, and also compare the pro-drug 

activating properties of NQO1 variants with that of a single electron reductase such as 

cytochrome P450 reductase. 
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