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All is ariddle,
and the key to a riddle...

is another riddle.
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Abstract

Analysis of the flavoproteome of the yeast Saccharomyces cerevisiae identified 68
genes encoding flavin-dependent enzymes. This organism is one of the best-
investigated eukaryotic model systems for molecular and cell biological studies.
Nevertheless many flavoproteins from Saccharomyces cerevisiae are poorly
characterized. This work was initiated to get a deeper insight into the characteristics of
two different flavoproteins, the microtubule- associated Irc15p and the flavodoxin-like
protein Pst2p. The proteins were heterologously expressed in Escherichia coli and
purified for a detailed investigation.

Cell biological studies indicate a functionality of Irc15p on microtubule dynamics
and cell cycle progression. In my studies, | could demonstrate that Ircl5p is a
flavoprotein and its cofactor can be reduced with NAD(P)H and reoxidized by several
artificial electron acceptors. Although Irc15p has a high structural similarity to the
disulfide reducing lipoamide dehydrogenase, it lacks the protein disulfide but retained
the catalytic diad, which are important for the enzymatic activity of lipoamide
dehydrogenase. Even though my data do not directly support the disulfide reducing
activity of Irc15p it is conseivable that the interaction with other proteins unmasks this
catalytic activity. Alternatively our findings suggest that Irc15p is efficiently reduced in
yeast cells to deliver electrons to an as yet unidentified electron acceptor that is
potentially related to Irc15p’s function in regulating microtubule dynamics and cell cycle
progression.

The yeast genome encodes three highly similar flavodoxin-like proteins, namely
Pst2p, Rfslp and Ycp4p, however none of these proteins were functionally
characterized. Therefore | conducted a detailed investigation of Pst2p. It could be
demonstrated that Pst2p is a very efficient NAD(P)H:quinone oxidoreductase rapidly
reducing quinones in vitro and in vivo. However, in contrast to other quinone
reductases Pst2p displays an unusually positive redox potential. This affects its
substrate spectrum as well as its cofactor binding properties. The structure of Pst2p
was elucidated by X-ray crystallography and revealed that Pst2p adopts the flavodoxin-
like fold and forms tetramers independent of cofactor binding. In summary, my data
suggest that Pst2p possesses more similarity to quinone reductases than flavodoxins
and that Pst2p enables yeast cells to cope with quinone-induced damage suggesting a

role of the enzyme in managing oxidative stress.




Zusammenfassung

Bei einer Analyse des Flavoproteoms der Hefe Saccharomyces cerevisiae wurden 68
Gene identifiziert, die ein Flavoprotein kodieren. Diese Hefe ist einer der am besten
untersuchten Modelorganismen, dennoch wurden nur wenige Flavoproteine aus
Saccharomyces cerevisiae eingehend untersucht. Das Hauptziel meiner Arbeit war es
einen tieferen Einblick in die Funktion von zwei verschiedenen Flavoproteinen, dem
Microtubuli- assoziierten Irc15p und dem Flavodoxin-ahnlichen Protein Pst2p, zu
erhalten. Die Proteine wurden heterolog in Escherichia coli exprimiert und fir eine
detailierte Erforschung gereinigt.

Zellbiologische Studien ergaben, dass Irc15p einen Einfluss auf die Dynamik
von Mikrotubuli und den Verlauf des Zellzyklus hat. In meinen Studien konnte ich
zeigen, dass es sich bei Irc15p um ein Flavoprotein handelt, dessen Kofaktor mittels
NAD(P)H reduziert und mit kiinstlichen Elektronenakzeptoren reoxidiert werden kann.
Obwohl Irc15p eine groRe strukturelle Ahnlichkeit zu der Disulfid reduzierenden
Lipoamiddehydrogenase aufweist, fehlt Irc15p das katalytische Proteindisulfid, die
katalytische Diade ist jedoch vorhanden. Beide Funktionen sind unerlasslich fir die
enzymatische Aktivitat der Lipoamiddehydrogenase. Zwar geben meine Daten keinen
direkten Hinweis auf die Disulfid reduzierende Aktivitat von Irc15p, dennoch ist es
maoglich, dass Irc15p diese Aktivitat erst durch Interaktion mit anderen Proteinen zeigt.
Alternativ kdnnen meine Resultate auch dahingehend interpretiert werden, dass Irc15p
Elektronen an einen bisher nicht identifizierten Elektronenakzeptor liefert, wodurch die
Mikrotubulidynamik und der Verlauf des Zellzyklus beeinflusst werden.

Das Hefegenom kodiert drei sehr dhnliche Proteine (Pst2p, Rfslp, Ycp4p) die
der Familie der Flavodoxin-ahnlichen Proteine zugeordnet werden kénnen. Ich fuhrte
eine eingehende Untersuchung von Pst2p durch, bei der gezeigt werden konnte, dass
es sich bei Pst2p um eine NAD(P)H:Chinonreduktase handelt, welche die Reduktion
von Chinonen in vitro und in vivo Kkatalysiert. Im Vergleich zu anderen
Chinonreduktasen weist Pst2p ein sehr positives Redoxpotential auf, wodurch das
Substratspektrum und die Bindung des Kofaktors beeinflusst werden. Die Struktur von
Pst2p wurde mit Hilfe von X-Ray Kristallographie aufgeklart und ergab, dass Pst2p eine
Flavodoxin-ahnliche Faltung annimmt und unabhangig von der Bindung des Kofaktors
als Tetramer vorliegt. Zusammenfassend zeigen meine Daten, dass Pst2p mehr
Ahnlichkeiten zu Chinonreduktasen als zu Flavodoxinen aufweist und die Hefezellen
durch dieses Protein besser mit Chinon induziertem Stress umgehen kdnnen. Dadurch

wird eine Funktion von Pst2p im Umgang mit oxidativem Stress nahegelegt.
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Abstract

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 flavoproteins 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 (Dusl-4p and
Mtolp) or indirectly (Tywlp) involved in reactions leading to tRNA-modifications.
Despite the wealth of genetic information available for S. cerevisiae, we were
surprised that many flavoproteins are poorly characterized biochemically. For
example, the role of the yeast flavodoxins Pst2p, Rfslp and Ycp4p with regard to
their electron donor and acceptor is presently unknown. Similarly, the function of the
heterodimeric Aim45p/Cirlp, which is homologous to the electron-transferring
flavoproteins of higher eukaryotes, in electron transfer processes occurring in the
mitochondrial matrix remains to be elucidated. This lack of information extends to the
five membrane proteins involved in riboflavin or FAD transport as well as FMN and
FAD homeostasis within the yeast cell. Nevertheless, several yeast flavoproteins,
were identified as convenient model systems both in terms of their mechanism of
action as well as structurally to improve our understanding of diseases caused by

dysfunctional human flavoprotein orthologs.
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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]. Further 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 culminating 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
characterisation 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 a-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 because of their well-defined role in the biosynthesis of the plant hormone
jasmonate, which plays a crucial role in the plant's defense response to pathogens
[24,25]. In all reported cases, the natural substrates 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” now widely 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 invoked
physiological role as a reductase of disulphide bonds in oxidatively damaged proteins

of the cytoskeleton, such as actin [5].
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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 defined
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 kihngdoms 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 flavoproteins, is
underrepresented in the yeast flavoproteome with only two enzymes, succinate
dehydrogenase (Sdhlp) and l-arabinono-1,4-lactone oxidase (Alolp) featuring a
covalent bond between the N(3)-nitrogen of a histidine residue and the 8-methyl
group of the isoalloxazine ring system (Table 1). Both of these enzymes operate in
yeast mitochondria and are located in the inner (Sdhlp) and outer (Alolp)
membrane. The scarcity of covalent flavoproteins is linked to the relative absence of
the structural clan FAD_PCMH (with the exception of Alolp), which features many

examples of mono- and even bi-covalent flavinylation [27,28].
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Table 1. Yeast flavoproteins and genes.

. S t.
No. E.C. Enzyme Cofactor  Structure clan (family)? Localization Abbrev. ﬁerne
1 1123 Lactate:cytochrome ¢ oxidoreductase FMN/heme TIM_barrel (FMN_dh) Mito. intermembr. sp. cyb2 YMLO054C
(flavocytochrome b,)

2 1124 d-Lactate dehydrogenase FAD/heme - I. mito. membr. did1 YDL174C
Mito. matrix did2 YDL178W

Cytoplasm did3 YELO71W

3 1.1.337 d-Arabino-1,4-lactone oxidase ?SA(SB'H'S) FAD_PCMH 0. mito. membr. alol  YMLO86C

4 1153 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 dusl YMLO8OW
Nucleus/cytoplasm  dus2 YNRO15W

Nucleus/cytoplasm  dus3 YLR401C
- dus4  YLR405W
6 1331 Dihydroorotate dehydrogenase FMN TIM_barrel (DHO_dh) Cytoplasm ural YKL216W
7 1334 Protoporphyrinogen IX oxidase FAD NAD.P_Ros.smann I. mito. membr. heml1l4 YERO14W
(Amino_oxidase)
8 1.3.3.6  Acyl-CoA oxidase FAD Acyl-CoA_dh (ACOX, acyl- Peroxisome poxl  YGL205W
CoA_dh_1)

9 1351 Succinate dehydrogenase 8a-(N3-His) NAPH_Rossmann I. mito. membr. sdhl YKL148C
Flavoprotein subunit A 'ZFSA/D/ 2Fe- (FAD_binding_2) sdhlb  YJLO45W
- Protein required for flavinylation of sdh - - I. mito. membr. emi5 YOLO71W

10 1.4.1.14 NAD-dependent glutamate synthase Zg/lN/BFe- Glu_synthase/Glu_syn_central Mito. matrix gltl YDL171C



https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3991850/table/t0005/#tf0005
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No. E.C. Enzyme Cofactor  Structure clan (family)? Localization Abbrev. inSnte
11 1435 Pyridoxal 5'-phosphate oxidase FMN FMN-binding Mito. intermembr. sp. pdx3 YBRO035C
Pyridoxine 5'-phosphate oxidase (Pyridox_oxidase)
12 1.4.3.17 Polyamine oxidase FAD NADP_Rossmann cytoplasm fmsl YMRO20W
(FAD_binding_2)
13 1.5.1.20 Methylenetetrahydrofolate reductase FAD FAD_oxidored (MTHFR) - metl2 YPLO023C
Mito. metl3 YGL125W
14 1551 Clectron-transferring flavoprotein- FAD/AFe= e 4 (ETF_QO) I. mito. membr. cir2  YOR356W
ubiquinone oxidoreductase 4S
15 - Electron transferring flavoprotein FAD FAD_DHS (ETF_alpha) Mito. matrix aim45 YPRO004C
16 1.5.99.8 Proline dehydrogenase FAD FAD_oxidored (Pro_dh) Mito. matrix putl YLR142wW
17 1.6.2.2 Cytochrome-b5 reductase FAD FAD_Lum_binding ER & 0. mito. membr. cbrl YILO43C
(FAD_binding_6) ER & plasma membr. pga3  YML125C
18 1.6.24 NADPH-hemoprotein reductase FMN/heme Flavoprotein (Flavodoxin_1) O. mito. membr., ncpl YHRO042W
(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 YLRO11W
20 1659 NADH-ubiguinone oxidoreductase FAD/Fe-s \ADP_Rossmann I. mito. membr. ndil  YML120C
(rotenone-insensitive) (Pyr_redox_2)
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. ndel YMR145C
I. mito. membr. nde2 YDLO85W
23 1.6.—— NADPH-dep. diflavin oxidoreductase FMN Flavoprotein (Flavodoxin_1) Mito. matrix tahl8 YPRO048W
FAD FAD_Lum_binding



https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3991850/table/t0005/#tf0005
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No. E.C. Enzyme Cofactor  Structure clan (family)? Localization Abbrev. inSnte
(FAD_binding_1)
24 — S-Carboxymethylaminomethylation of -, GIDA Mito. mtol  YGL236C
uridine (heterodimer with Mss1p)
Wybutosine biosynthesis, a tRNA- FMN/4Fe— :
25 — modification 4S Flavoprotein ER tywl 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 18.14 Dihydrolipoyl dehydrogenase FAD NADP_Rossmann Mito. matrix Ipdl YFLO18C
(Pyr_redox_2)
. R NADP_R .
28 1.8.1.7 Glutathione-disulfide reductase FAD —rossmann Cytoplasm & mito. glrl YPLO91W
(Pyr_redox_2)
29 1.8.1.9  Thioredoxin-disulfide reductase FAD NADP_Rossmann Cytoplasm & mito. ) yppasaw
(Pyr_redox_2) intermembr. sp.
Cytoplasm & mito. trr2 YHR106W
30 - Microtubule associated protein FAD NADP_Rossmann? cytoplasm ircl5 YPLO17C
(Pyr_redox_2) microtubule
31 1.8.3.2 Sulfhydryl oxidase Elﬁst/eF:_S Ervl_Alr Mito. intermembr. sp. ervl YGR029W
Heme ER membr. erv2 YPRO37C
32 1.8.4.- Endoplasmic oxidoreductin 1 FAD Erol ER & ER membr.e erol YML130C
33 1.14.12.17 Nitric oxide oxidoreductase FAD/heme FAD_Lum_Binding Cytoplasm yhbl YGR234W
(flavohemoglobin) (FAD_binding_6) Mito. matrix
34 1.14.13.— Oxidase of thiols in the ER FAD - ER membr. fmol  YHR176W
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No. E.C. Enzyme Cofactor  Structure clan (family)? Localization Abbrev. inSnte
35 1.14.13.9 Kynurenine 3-monooxygenase FAD ?‘:A%ié?:;i;ni;n O. mito. membr. bna4  YBLO98W
36 1.14.99.7 Squalene monooxygenase FAD - ER membr. ergl YGR175C
37 1.14.99.- Monooxygenase in coenzyme Q biosyn. FAD - |. mito. membr. coqQ6 YGR255C
38 1.—.—— Ferric reductase FAD/heme - Plasma membr. frel YLR214W
Plasma membr. fre2 YKL220C
Plasma membr. fre3 YOR381W
Plasma membr. fred YNRO60OW
Plasma membr. freb YOR384W
Vacuole membr. fre6 YLLO51C
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 YORO37W
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 3, chain | FMN Not reported Cytoplasm & mito. fasl YKL182W
4'-Phosphopantothenoylcysteine
43 4.1.1.36 decarboxylase (forms a heterotrimeric FMN Flavoprotein Cytoplasm cab3 YKLO88W
complex with Sis2p and Vhs3p)
44 4.1.99.3 Deoxyribodipyrimidine photo-lyase FAD HUP (DNA_photolyase) Slﬁ(lj:lﬁsm’ mito. & phrli  YOR386W
45 4.2.35 Chorismate synthase FMN Chorismate_synt Cytoplasm aro2 YGL148W
46 - Flavodoxin-like protein FMN Flavoprotein (Flavodoxin_1) Cytoplasm, mito. pst2 YDRO032C
- Flavodoxin-like protein FMN Flavoprotein (Flavodoxin_1) Cytoplasm rfsl YBR052C



https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3991850/table/t0005/#tf0005
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. L Syst.
No. E.C. Enzyme Cofactor  Structure clan (family)? Localization Abbrev. anSne
- flavodoxin-like protein FMN Flavoprotein (Flavodoxin_1) Cytoplasm, mito. ycp4 YCRO004C
O. mito. membir.,
47 — Apoptosis-inducing factor FAD — plasma membr. & aifl YNRO74C

nucleus

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.

®Pfam classification given in plain text is for yeast proteins and those in italics are for homologs from other species.

10
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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 structure 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 membrane 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 the
mitochondrion. Many of these are directly participating 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 (Dusl-4p, Phrlp, Aiflp),
endoplasmic reticulum (Aim14p, Cbrlp, Erglp, Erolp, Erv2p, Fmolp, Ncplp, Pga3p,
Tywl1p) or the peroxisome (Pox1p). Requirement for the same flavoenzyme activity in
different cellular compartments is either satisfied by expression of isozymes (e.g.
DId1-3p are found in either the cytoplasm, the inner mitochondrial membrane or the
matrix) or the same flavoenzyme is present in multiple compartments (e.g. Cbrlp,
Pga3p, Ncplp, Trrl/2p, Yhblp, Faslp, Phrlp, Aiflp).

Flavoproteins, the stewards of iron

A remarkable result of our analysis concerns the multi-layered relationship between
flavins and iron. As discussed in more detail in the next section, flavin-dependent
ferric reductases (Frelp-8p) are essential for reduction of ferric iron (and copper),
which is prerequisite for iron (and copper) uptake by yeast transporters (permeases).
Moreover, in several flavoproteins the flavin is responsible for the reduction of either

heme iron or an iron—sulfur cluster (Table 1 and Scheme 1).
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Scheme 1. Flavoproteins in mitochondrial redox processes. Flavoproteins are
represented by yellow spheres (soluble flavoproteins in the matrix or intermembrane
space) or barrels (inner or outer mitochondrial membrane). Flavoproteins with a
covalently bound FAD (Sdhlp in the inner and Alolp in the outer membrane) 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 Ndilp, Ndel/2p and Gutlp.
Abbreviations used are: DHAP, dihydroxy acetone phosphate; Gly3p, glycerol 3-
phosphate; GIuSA, y-glutamic acid semialdehyde; Mia(40), mitochondrial
intermembrane space import and assay/oxidoreductase 40 (ox, oxidized; red,
reduced); Q, ubiquionone.

Prominent examples include succinate dehydrogenase (Sdhlp), (Aimlp), nitric oxide
oxidoreductase and |-lactate:cytochrome c oxido reductase (flavocytochrome b2). In
addition to this intramolecular electron transfer, two yeast flavoproteins, Cyc2p and
Tahl18p, 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(lll) and participates in
the incorporation of the heme prosthetic group into apocytochrome ¢ and c1 [31,32].

Similarly, the diflavin reductase Tah18p forms a complex with Dre2p and provides
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electrons derived from NADPH to support the biosynthesis of two iron—sulfur clusters
[33]. Recently, Tah18p was reported to be involved in NO generation in yeast and
hence it is conceivable 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.

Flavoprotein families in yeast

As mentioned above, the yeast flavoproteome contains several families of
flavoproteins, which catalyze identical or similar reactions. The largest group are the
ferric/cupric reductases encoded by frel-8 (see Table 1, entry 38). Frel and fre2 are
metalloregulated by either iron or copper availabilty and the encoded
metalloreductases reduce Fe(lll) and Cu(ll) at the expense of NADPH [35]. In
addition to frel 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 sequence alignments showing the highest
identity (30.6%) and similarity (56.5%) on the amino acid level between fre8 and
aiml14 within this family of flavoproteins [36]. Again, these functions highlight 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 dusl-4 (Table 1, entry 5). The reduction of uracils to dihydrouridines in
tRNA is one of the most common modifications 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 tRNA maturation may occur in an ordered fashion [40].
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tRNA—O
Mtolp/Msslp
0O T -
" NH? or glycine
H H
OR OH OR OH

R* =H or carboxymethyl

Scheme 2. Flavoproteins in tRNA-modification. Top, reaction catalyzed by tRNA-
dihydrouridine synthase (Dusl-4p); Bottom, reaction catalyzed by Mtolp/Msslp.
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 tRNA molecule.

Cytoplasmic tRNA in S. cerevisiae contains dihydrouridine in the D loop at
positions 16, 17, 20, 20A, 20B and at the base of the variable arm at position 47. The
four yeast enzymes exclusively reduce uracils in specific positions in tRNA: Duslp
reduces uracils in positions 16 and 17, Dus2p in position 20, Dus3p in position 47
and Dus4p in positions 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 in malignant tissues resulting in higher levels of
dihydrouridine [42]. Despite its putative role in malignancy the specificity and exact

role of the human enzyme remains unclear.
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In addition to reduction of uracil, the flavoenzyme Mtolp (also termed GidA) is
involved in the biosynthesis of modifications 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-carboxymethylamino-
methyluridine (Scheme 2, bottom). This modification occurs at the wobble position in
mitochondrial tRNAs for lysine, glutamate and glutamine [44]. Detailed
characterization of the bacterial protein complex of MnmE and MnmG (homolog of
Mtolp) led to a mechanistic proposal in which the FAD-dependent MnmG serves a
dual function during the reaction [43,45]. In this model, methylene tetrahydrofolate
bound to MnmE reacts with either ammonia or glycine to form a methylene amino
group at N-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 substrate. In the next step the reduced FAD transfers a hydride to
the imine to reduce the carbon-nitrogen double bond thus completing the
biosynthesis of the C-5 side chain (see Scheme 2). Thus MnmG combines two
canonical flavin-dependent reactions — oxidation of amines and reduction of double
bonds — to catalyze the biosynthesis of the amino methyl or carboxymethylamino-
methyl side chain.

Recently, yet another flavin-dependent enzyme encoded by tywl (Table 1,
entry 25) was discovered that catalyzes the second step in the biosynthesis of
wybutosine-modified tRNA [46]. This enzyme belongs to the radical SAM superfamily
characterized by the presence of a [4Fe—4S] cluster and a S-adenosylmethionine
(SAM) domain [47]. Catalytic activity requires reduction of the [4Fe—4S] cluster in
order to initiate 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]** to [4Fe-4S]" and therefore it is
conceivable that the N-terminal flavodoxin domain 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, pstl, rfsl
and ycp4 encoding three highly similar flavodoxin-like proteins (Table 1, entry 46)
[50]. Although none of the proteins was functionally characterized with respect to

their electron transfer properties and physiological redox partners they were found to
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act as transcriptional regulators of spil, a gene responding to various environmental
stimuli [51]. The lack of information on yeast flavodoxins is very surprising 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 investigations to define their biochemical and structural properties.

The family of d-lactate dehydrogenases comprising three enzymes, DId1-3p,

will be discussed in the context of redox processes in the next section.

Yeast flavoproteins in redox balancing

More than a quarter of yeast flavoproteins listed in Table 1 participate in redox
reactions in the mitochondrion. 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 directly by reduction of ubiquinone to ubiquinol in the inner
mitochondrial membrane. The latter route is clearly the dominating process in yeast
mitochondria. Electrons transferred to NAD" in the isocitrate, a-ketoglutarate and
malate dehydrogenase reactions of the tricarboxylic acid cycle enter the ETC. via the
NADH:ubiquinone oxidoreductase Ndi1p (“‘internal NADH dehydrogenase”). In
contrast to complex | of higher eukaryotes this membrane-bound enzyme does not
engage in proton translocation resulting in lower phosphorylation efficiency. The
oxidation of succinate to fumarate is catalyzed 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 Sdhlp subunit of yeast succinate dehydrogenase
(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 Sdhlp the assistance of Emilp
(Sdh5p) is required, which is conserved in higher eukaryotes and hence appears to
be essential for complex Il assembly [52,53]. Yeast also possesses a heterodimeric
electron transfer flavoprotein (Aim45p/Cirlp) located in the mitochondrial matrix,
which communicates with a membrane-bound electron transferring flavoprotein

ubiquinone oxidoreductase (Cir2p). The latter flavoprotein feeds electrons received
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from Aim45p/Cirlp into the ETC. The clients for Aim45p/Cirlp, however, remain
elusive as most electron donor proteins, such as the acyl-Co dehydrogenases
involved in B-oxidation or amino acid degradation, are not present in S. cerevisiae. A
potential candidate, |-proline dehydrogenase (Putlp), evidently feeds electrons from
I-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 Ndelp or Nde2p
(“external NADH:ubiquinone oxidoreductases”) and the electrons serve to reduce
ubiguinone (Scheme 1). The mitochondrial ETC. can also be fuelled by the glycerol
3-phosphate shuttle: glycerol is first phosphorylated by glycerol kinase (Gutlp) in the
cytosol and then transported to the intermembrane space to become oxidized by the
membrane-bound glycerol 3-phosphate dehydrogenase (Gut2p) [55,56]. Several of
the membrane-bound flavoproteins involved in substrate oxidation and electron
transfer form a large supramolecular complex containing Ndelp, Nde2p and Gut2p
and therefore inter-protein electron transfer may also occur prior to ubiquinone
reduction [57].

Yeast possesses three d-lactate dehydrogenases (Dldpl-3, see Table 1),
which operate in different compartments of the cell: DId1p is located in the inner
mitochondrial membrane, DId2p in the matrix and DdI3 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 compartments to oxidize d-lactate to
pyruvate (Scheme 1). Oxidation of d-lactate by the d-lactate dehydrogenase (DId2p)
localized in the mitochondrial matrix is coupled to ATP synthesis and therefore DId2p
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 indicates that more flavoproteins become oxidized
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whereas in the reductive phase of the internal rhythm a decrease of flavin

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

Flavin biosynthesis and transport

The biosynthesis of riboflavin in S. cerevisiae utilizes the canonical precursors, GTP
and ribulose 5-phosphate. However, riboflavin biosynthesis deviates from the
bacterial pathway in that deamination and reduction 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 ribl, 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-phosphate
(DHAB) occurs. The latter metabolite is synthesized from ribulose 5-phosphate by
DHBP synthase (encoded by rib3). The condensation reaction is catalyzed by
lumazine synthase (encoded by rib4) and yields 6,7-dimethyl-8-(1-d-ribityl)lumazine
[65,66]. In the final reaction, riboflavin 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 isoalloxazine
ring of one molecule of riboflavin [67]. The coenzyme forms of riboflavin, FMN and
FAD, are synthesized from riboflavin by riboflavin kinase (Fmnlp) and FAD
synthetase (Fadlp), respectively [68,69].
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Table 2. Yeast flavin transporters and biosynthesis.

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

1 - FAD transmembrane transporter FAD — fix1 YIL134W

2 - FAD transporter (into ER) FAD — flcl YPL221W
3 - FAD transporter (into ER) FAD - flc2 YALO53W
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 Il (1st step) — GTP cyclohydrolase Il ribl 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 fmnl  YDR236C
8 2.7.7.2 FAD-adenylyl transferase (synthetase) FMN HUP (PAPS_reduct) fadl YDLO045C

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.
®pfam classification given in plain text is for yeast proteins and those in italics are for homologs from other species.
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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).

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 utilization depends on the FAD-dependent proline dehydrogenase
Putlp (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 compartments, in particular
the mitochondrion 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 FIx1p acts as a “flavin antiporter’ by
exchanging FMN from the mitochondrial matrix with FAD from the cytosol. In contrast
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to this model, Barile and coworkers 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, FMN and FAD [75]. Yeast FAD
synthetase (Fadlp) is essential and deletion of fadl makes 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 and mch5, yeast possesses three flc genes encoding
putative transporters of flavins (Table 2). These transporters are responsible for FAD
transport into the endoplasmic reticulum (ER) where several flavoenzymes (e. g.
Erolp, Erv2p and Fmolp) are involved in the redox balance of thiols and disulfide
linkages [77]. However, the exact role and localisation of Flc1l-3p in yeast are
currently not fully understood.

An alternative mechanism for assembling the holo-flavoenzyme is realized for
the sole peroxisomal flavoenzyme, acyl-CoA oxidase (Pox1p). In this case, the holo-
enzyme is formed in the cytosol, then binds to the import receptor Pex5p and,
following an unknown import pathway, is transported into the peroxisome [78,79].

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 estimated 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 possess 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
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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 (DId1-3p)
show remarkable similarity to human d-2-hydroxyglutarate dehydrogenase and to a
much lesser degree to alkyldihydroxyacetone phosphate synthase. Similarly, the
yeast glutamate synthase, Gltlp, 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 investigate the
impact of mutations discovered in human genes. Examples are deletions of the
genes ural, sdhl, Idpl 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 heterologous
expression of the human gene encoding 33-hydroxysterol A24-reductase (DHCR24).
Desmosterolosis, a rare autosomal recessive disorder is caused by mutations in the
gene encoding DHCR24. Heterologous expression of the human DHCR24 gene
bearing different missense mutations 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 enzyme leading to the elucidation of its X-ray crystal
structure, which may serve as a model to investigate the structural basis of inhibitor
binding [30]. Similarly, the crystal structure of the yeast flavin-containing
monooxygenase Fmolp proved useful as a model to understand the effect of

mutations in human FMO3 that cause trimethylaminuria (“fish-odor” syndrome) [93].
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Table 3. Yeast flavoproteins as human disease models.

No. E.C. Human enzyme Disease OMIM veast E value?
homolog
1 1153 Glycerol 3-phosphate dh Diabetes mellitus, type 2 138430 Gut2p Zf 124
2 1.1.99- d-2-Hydroxyglutarate dh d-2-Hydroxyglutaric aciduria 605176 DId1p 19e-39
8.7
Dld2p 6 - 128
3.3
DId3p 6112
3 1312 Dihydropyrimidine dh Deficiency 612779 Gltlp 27e-14
4 1352 Dihydroorotate dh Miller syn. 126064 Uralp 20e-6
5 1334 Protoporphyrinongen 1X ox. Variegate porphyria 600923 Heml1p 7.2e-20
6 13.36 Acyl-CoA ox. Deficiency 609751 Pox1p 20e-45
7 1351 Succinate dh Complex Il deficiency, 600857 Sdhlp 2? 219
. . . . 3.0
Flavoprotein subunit A Leigh syn., paraganglioma 5 Sdhilbp o214
8 1434 Monoamine ox Brunner syn., antisocial behavior, autism 309850 Fmslp 78e-11
9 1435 Pyridoxine 5'-phosphate ox. Encephalopathy 603287 Pdx3p 51e-36
10 1.5.1.20 Methylenetetrahydofolate red. Homocystinuria, neural tube 607093 Met12p 29e-98
: . 7.5
Defects, schizophrenia Met13p o 122
11 1551 Elgctron-transferrlng flavo-protein ubiquinone Glutaric academia IIC 231675 Cir2p 8.0
oxidored. e - 157
12 - Electron-transferring flavoprot. Glutaric acidemia IIA 608053 Aim45p 85e-66
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No. E.C. Human enzyme Disease OMIM :gfnsélog E value®
Glutaric acidemia IIB 130410
13 1.5.99.8 Proline dh Hyperprolinemia type I, schizophrenia 606810 Putlp 87e-12
14 1.6.2.2 Cytochrome-b5 red. Methemoglobinemia types | & Il 613213 Cbrlp 19e-30
15 1.6.24 NADPH-hemoprotein red. (cytochrome P450 red.) Antley—Bixler syn., 124015 Ncplp 24e-86
16 1.6.5.2 NAD(P)H:quinone oxidored. Benzene toxicity, breast cancer 125860 Lot6p 1
17 18.1.4 Dihydrolipoyl dh Leigh syn., maple syrup urine disease 238331 Lpdlp 2? 147
18 1.8.1.7 Glutathione-disulfide red. Hemolytic anemia 138300 Glrlp ié_l 104
19 1.14.13.8 Flavin-containing monooxy. Trimethylaminuria 136132 Fmolp 4.8e-27
20 1.14.13.39 Nitric-oxide synthase Hypertension 163729 Tah18p 9.6e-27
163730
21 1.14.99.- Monooxy. in coenzyme Q Deficiency, nephrotic syn. 614647 Cogbp 7.0e-55
22 1.16.1.8 Methionine synthase red. Homocystinuria, neural tube 602568 Met5p 0.24
23 2.5.1.26 Alkyldihydroxyacetone Rhizomelic chondrodysplasia 603051 Dld1p 21e-25
Phosphate synthase Punctata type 3 Dld2p 44e-16
DId3p 11e-15
24 — Apoptosis inducing protein Combined oxidative phosphorylation 300169 Aiflp 88e-4

deficiency

Abbreviations used in Table 3: dh, dehydrogenase; flavoprot., flavoprotein; monooxy., monooxygenase; ox, oxidase; oxidored., oxidoreductase;
red., reductase; syn., syndrome.
°E value; expect value, was generated by searching of Saccharomyces Genome Database (SGD; http://www.yeastgenome.org) open reading frames (DNA or
protein) against human protein sequences using the SGD WU_Blast2 program.

24


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3991850/table/t0015/#tf0015
https://www.ncbi.nlm.nih.gov/omim/130410
https://www.ncbi.nlm.nih.gov/omim/606810
https://www.ncbi.nlm.nih.gov/omim/613213
https://www.ncbi.nlm.nih.gov/omim/124015
https://www.ncbi.nlm.nih.gov/omim/125860
https://www.ncbi.nlm.nih.gov/omim/238331
https://www.ncbi.nlm.nih.gov/omim/138300
https://www.ncbi.nlm.nih.gov/omim/136132
https://www.ncbi.nlm.nih.gov/omim/163729
https://www.ncbi.nlm.nih.gov/omim/163730
https://www.ncbi.nlm.nih.gov/omim/614647
https://www.ncbi.nlm.nih.gov/omim/602568
https://www.ncbi.nlm.nih.gov/omim/603051
https://www.ncbi.nlm.nih.gov/omim/300169

The flavoproteome of the yeast Saccharomyces cerevisiae

Concluding remarks

Our analysis of the yeast flavoproteome has highlighted the importance of flavin-
dependent enzymes in mitochondrial redox processes. Many of these mitochondrial
enzymes have human homologs involved in diseases and thus genetically
manipulated yeast strains (e.g. gene deletions) have potential as convenient model
systems. On the other hand, 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 detail. Similarly, our understanding of
riboflavin uptake and trafficking between 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 organism to gain insight into uptake, transport and trafficking of this vital

vitamin.

Methods

The names and gene abbreviations of yeast flavoproteins were recently 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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Abstract

The genome of the yeast Saccharomyces cerevisiae encodes a canonical lipoamide
dehydrogenase (Lpd1p) as part of the pyruvate dehydrogenase complex and a highly
similar protein termed Irc15p (increased recombination centers 15). In contrast to
Lpd1p, Irc15p lacks a pair of redox active cysteine residues required for the reduction
of lipoamide and thus it is very unlikely that Irc15p performs a similar dithiol-disulfide
exchange reaction as reported for lipoamide dehydrogenases. In the present study,
we heterologously expressed IRC15 in Escherichia coli and purified the produced
protein to conduct a detailed biochemical and enzymatic characterization. Here, we
show that Irc15p is a dimeric protein with one FAD per protomer. Photoreduction of
the protein generates the fully reduced hydroquinone without the occurrence of a
flavin semiquinone radical. Similarly, reduction with NADH or NADPH yields the flavin
hydroquinone without the occurrence of intermediates as observed for lipoamide
dehydrogenase. The redox potential of Irc15p was -313 + 1 mV and is thus similar to
lipoamide dehydrogenase. Surprisingly, reduced Irc15p is oxidized by several
artificial electron acceptors, such as potassium ferricyanide, 2,6-dichlorophenol-
indophenol, 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide and
menadione. However, disulfides, such as cysteine, glutathione and lipoamid were
unable to react with reduced Irc15p. Taken together our findings suggest that Irc15p
is efficiently reduced in yeast cells to deliver electrons to an as yet unidentified
electron acceptor that is potentially related to Irc15p’s function in regulating

microtubule dynamics.

Keywords:
flavin adenine dinucleotide; lipoamide dehydrogenase; microtubule-binding protein;
UV/visible absorption spectroscopy;

Abbreviations:

DCPIP, 2,6-dichlorophenol-indophenol; DTT, dithiothreitol; E. coli, Escherichia coli;
Irc15, increased recombination centers 15; LPD, lipoamide dehydrogenase; MQ,
menadione; MTT, 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide;
S. cerevisiae, Saccharomyces cerevisiae; STH, soluble pyridine nucleotide
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Introduction

The genome of the yeast Saccharomyces cerevisiae (S. cerevisiae) features 68
genes that were identified to encode a flavoprotein. Despite being a widely utilized
model organism biochemical information on the flavoproteome is rather limited. For
example, Irc15p (increased recombination centers 15) has a sequence similarity of
59% to the FAD-containing yeast lipoamide dehydrogenase 1 (Lpd1p) [1]. Although it
was demonstrated that Irc15p is associated with microtubules and regulates their
dynamics [2], it is currently unclear whether the protein carries a flavin cofactor not to
mention the potential properties and function of the putative enzymatic activity. This
lack of information prompted us to recombinantly produce Irc15p and study its
properties.

Lipoamide dehydrogenases (LPDs) orchestrate the reversible transfer of
electrons between dihydrolipoamide to the enzyme-bound FAD cofactor and NAD".
Generally, LPDs possess a second redox active group that is composed of two
cysteine residues capable of forming an internal disulfide. This internal dithiol-
disulfide exchange communicates the electrons between the lipoamide and the FAD
cofactor and is thus an essential asset of LPDs [3,4]. Interestingly, Irc15p lacks the
two essential cysteines required for the formation of a disulfide and therefore it is
most unlikely that Irc15p is a redundant LPD or even exhibits similar enzymatic
properties. Apparently, IRC15 evolved after the whole genome duplication of S.
cerevisiae and the duplicated LPD1 sequence subsequently evolved to attain a new
function (“neofunctionalization”) [5,6]. This new function appears to be connected to
the regulation of microtubule dynamics and chromosome segregation [2]. However, it
is not known what exactly this function is let alone whether this function is compatible
with the properties of a putative LPD homolog.

LPDs are members of the family of flavoprotein disulfide reductases that
catalyze the NAD(P)H-dependent reduction of disulfide containing substrates. To
perform this reaction the enzymes are equipped with a flavin cofactor and another
non-flavin redox center. Initially only three members, namely LPD, glutathione
reductase and thioredoxin reductase composed the enzyme family, which has
expanded significantly in recent years [3]. In 2012, family was classified according to
the nature and position of the non-flavin redox center into five sub groups [4]. Group

one comprises the flavoprotein disulfide reductases with the classical sequence motif
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CXXXXC, such as LPD. Members of group two are structurally related but contain a
second cysteine based redox center. Enzymes from group three contain only one
cysteine, which either forms a cysteine sulfenic acid or a cysteine-coenzyme A mixed
disulfide during the reaction. Members of group four contain the classical sequence
motif but catalyze a non-disulfide reductase reaction. Finally, members of group five
feature two cysteines that are widely separated in the primary sequence.

In addition to these five sub-groups, several proteins described in the literature
exhibit high sequence similarity with flavoprotein disulfide reductases, but lack some
significant features. For example, pyridine nucleotide transhydrogenases (STH)
catalyzes the reversible transfer of electrons between NADH and NADP™ and lack at
least one of the redox active cysteines and a histidine residue essential for catalytic
activity [3,7]. These enzymes are also closely related to LPD, for example, STH from
E. coli exhibits 27% identity and 45% similarity to several LPDs [8]. However, also
LPDs themselves are able to catalyze transhydrogenase reactions [9]. Another
example is LpdA from Mycobacterium tuberculosis, which lacks as well one cysteine
and the catalytic histidine and glutamate. Like STH the protein is not able to catalyze
the reduction of disulfides but instead features quinone reductase activity. The
physiological relevance of this protein is unknown [10].

In the present work we recombinantly produced Irc15p in Escherichia coli. The
purified Irc15p shows the typical characteristics of a flavoenzyme. We have shown
that Irc15p is efficiently reduced by NADH but lacks disulfide reductase activity.
However, reduced Irc15p reduces a range of artificial electron acceptors, such as
potassium ferricyanide, 2,6-dichlorophenol-indophenol (DCPIP) and quinones. The
potential role of Irc15p as a microtubule-associated protein is discussed in light of our

findings concerning the enzymatic properties.

Materials and Methods

Materials

All chemicals, reagents and enzymes were of highest quality and from Sigma-Aldrich
(St. Louis, USA), Roth (Karlsruhe, Germany) or Thermo Fisher Scientific (Waltham,
USA), unless otherwise noted. Columns for affinity chromatography (Ni-NTA-

sepharose), size exclusion chromatography (Superdex 200 10/300 GL) and buffer
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exchange (PD-10 desalting column) were from GE Healthcare (Little Chalfont, UK).
The E. coli strains Top10 and Rosetta(DE3) were from Invitrogen (Carlsbad, USA)
and Merck (Darmstadt, Germany), respectively. The plasmid pET21d was from

Merck (Darmstadt, Germany).

Cloning of IRC15 for large scale expression in E. coli

All strains were generated using standard genetic techniques [11,12]. Briefly,
genomic DNA from S. cerevisiae was extracted with the yeast DNA extraction kit
from VWR (Radnor, USA). According to the sequence for IRC15 from the
Saccharomyces genome database [13] the following primers were designed and
synthesized from VBC (Vienna, Austria): fw_5-GAACCATGGCAATGGGAGGTGAA
GACGAAATATTAAGCAC-3’; rev_5-GAGCCTCGAGTTAATGGTGATGATGGTGAT
GATGATGATGTTCCCGGACATGTACGCCAG-3'. To construct the heterologous
expression vector pET21d(+)IRC15 introducing an additional C-terminal 9x-histidine
tag the restriction enzymes Ncol/Xhol were used. Individual clones were sequenced

before transforming the plasmid into Escherichia coli Rosetta™(DE3) cells.

Heterologous production and purification of Irc15p

A single colony of E. coli Rosetta(DE3) comprising pET21d(+)IRC15 was used to
inoculate a pre-culture that was aerobically incubated (37 °C, 16 h, 150 rpm) in
terrific broth media (bacto-tryptone 12 g/L, bacto-yeast extract 24 g/L, glycerol 4g/L,
KH2PO4 2.31 g/L and K;HPO,4 12.54 g/L) supplemented with 100 pg-mL™ ampicillin
and 20 pg-mL™ chloramphenicol. 1% pre-culture was used to inoculate the main-
culture supplemented with 100 pg-mL™ ampicillin and 10 pug-mL™ chloramphenicaol,
which was incubated aerobically at 37 °C with agitation at 150 rpm until a ODgg of
~0,6 was reached. Production of the recombinant protein was induced by addition of
0.5 mM isopropyl-thio-B-D-galactoside and the culture was further incubated for 16 h
at 20 °C. Cells were harvested by centrifugation at 4.500 g at 4 °C and washed once
with 1% saline solution. Cell pellets were resuspended in 4 mL/g pellet buffer A [50
mM Hepes, 150 mM NaCl, 1 mM dithiothreitol, pH 7.0) supplemented with 30 mM
imidazole, 1 mM phenylmethylsulfonyl fluoride dissolved in dimethylsulfoxide, 10 uM
flavin adenine dinucleotide disodium salt hydrate. Furthermore, 1 uL of protease
inhibitor cocktail for the purification of histidine-tagged proteins from Sigma-Aldrich
(St. Louis, USA) was added per 1 g of cell pellet. Cell disruption was achieved by

sonication with a Labsonic L instrument from Braun biotechnoly international (Berlin,
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Germany) with 120 Watt for 3 x 3 min in an ice-water bath with 3 min pauses
between each cycle. The cell lysate was centrifuged at 38.850 g for 45 min at 4 °C,
and the supernatant was loaded onto a 5-mL HisTrap HP column previously
equilibrated with buffer A supplemented with 30 mM imidazole. The column was
washed with five column volumes with buffer containing 50 mM Hepes, pH 7.0, 1 M
NaCl, 1 mM DTT and 100 mM imidazole. Then the column was washed with buffer A
supplemented with 100 mM imidazole and subsequently proteins were eluted with
buffer A supplemented with 350 mM imidazole. Fractions containing target protein
were pooled and concentrated with centrifugal filter units (Amicon Ultra-15, 50 kDa;
Millipore, Massachusetts, USA). Concentrated protein was re-buffered to buffer B (50
mM Hepes, 50 mM NaCl, 1 mM DTT, pH 7.0) with a PD-10 desalting column. The

protein solutions were shock frozen and stored at —80 °C if not used immediately.

Determination of molecular mass of Irc15p

The subunit molecular mass of purified Irc15p was determined by SDS-PAGE with a
12.5% separating gel and 5% stacking gel under reducing conditions described by
Laemmli [14]. The molecular mass marker PageRuler™ (prestained protein ladder
10-180 kDa) from Thermo Fisher Scientific (Waltham, USA) was used.

To determine the native molecular mass of Ircl5p size exclusion
chromatography with Buffer A using a Superdex 200 10/300 GL column attached to
an Aktapurifier™ system from GE Healthcare (Little Chalfont, UK) was performed.
Protein elution was monitored at 280 nm and 450 nm. The column was calibrated
with molecular mass standards according to the instructions from GE healthcare.

Determination of the flavin cofactor bound to Irc15p

To determine the nature of the flavin cofactor concentrated protein samples were
treated with 8 M guanidine hydrochloride (pH 2 adjusted with concentrated HCI).
Denatured protein was removed by centrifugation (13.000 g, 5 min) and the solution
was neutralized with concentrated NaOH. To remove residual protein centrifugal filter
units (Amicon Ultra-0.5 mL 10 kDa; Millipore, Massachusetts, USA) were used. The
flow-through was concentrated at 50 °C under reduced pressure and subsequently
analysed by HPLC (UltiMate® 3000 HPLC system from Dionex, California, USA)
using an Atlantis® dC18 5 uM (4.6 x 250 mm) column. As liquid phase a 0.1% TFA

solution and acetonitrile containing 0.1% TFA were used. The concentration of the

43



The microtubule-associated flavoprotein Irc15p from Saccharomyces cerevisiae

organic solvent was increased within 20 min from 0% to 95% in a linear gradient (T =
25 °C; flow rate = 1 ml/min). The samples were analysed using a diode array detector
at 280, 370 and 450 nm. The retention times of authentic FAD, FMN and riboflavin
were 9.05, 9.75 and 10.4 min, respectively.

Determination of the redox potential

The redox potential was determined by the dye-equilibration method using the
xanthine/xanthine oxidase electron delivering system as described by Massey [15].
Reactions were carried out in buffer C (50 mM Hepes, 50 mM NaCl, pH 7)
supplemented with methyl viologen (2,5 uM) as mediator, 500 pM xanthine, and
xanthine oxidase in catalytic amounts (~40 nM) and lasted 0,5-2 h at 25 °C. The
protein concentration for a typical experiment was ~10 uyM. The concentrations given
are final values after mixing in the flow cell. Experiments were performed with a SF-
61SX2 stopped flow device from TgK Scientific Limited (Bradford-on-Avon, UK)
equipped with an auto-shutter to reduce photochemical effects during the
experiment. To maintain anoxic conditions the device was positioned in a glove box
from Belle Technology (Weymouth, UK). Absorption spectra during the course of
reduction were recorded with a KinetaScanT diode array detector from TgK Scientific
Limited (Bradford-on-Avon, UK). Safranin T was used as a reference dye for the
analysis (-289 mV). The amounts of oxidized and reduced Irc15p and safranin T were
guantitated at 430 nm and 530 nm, respectively. The reduction-oxidation potentials
were calculated from plots of log(Irc15po/Irc15preq) Versus log(dyeo/dyereq) according
to Minnaert [16] using Excel 2010 (Microsoft, Redmond, WA, USA).

Homology modeling and sequence alignment

A structural model of Irc15p was generated using the Swiss Model server [17] with
Lpdlp from Saccharomyces cerevisiae (PDB entry: 1V59) as template. Sequences
for the alignment were taken from the Saccharomyces genome database [13] or from
the UniProt database [18]. The alignment was generated with the program Clustal
Omega [19].

Methods using UV-visible absorption spectroscopy
Absorption spectra were recorded with a Specord 200 plus spectrophotometer from

Analytik Jena (Jena, Germany) at 25 °C using 1-cm quartz cuvettes.
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Extinction coefficient: The extinction coefficient of Irc15p was determined according
to [20]. Briefly, Irc15p bound FAD was released by addition of 0.2% SDS. Absorption
spectra were recorded before and after denaturation of the enzyme. The calculation

yielded an extinction coefficient of 11.900 M™* cm™ at 453 nm for Irc15p.

Anoxic photoreduction: Photoreduction was carried out as described in [20]. Briefly,
~10 pM Irc15p in 1 mL buffer B (50 mM Hepes, 50 mM NaCl, 1 mM DTT, pH 7.0)
supplemented with 1 mM EDTA was deoxygenated by incubation for 2 h in a glove
box from Belle Technology (Weymouth, UK). A 10 W LED floodlight (Luminea) was
used to reduce the cofactor by light irradiation. Absorption spectra were recorded
after each reduction step until no further spectral changes were observed. Thereafter
the sample was exposed to air and a spectrum was recorded after complete

reoxidation.

Steady state Kkinetics: Initial-velocity kinetic measurements were performed in
triplicates with NAD(P)H, the disulfide containing electron acceptors lipoic acid,
glutathione and cystine and the artificial electron acceptors potassium ferricyanide,
MQ (menadione), MTT [3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium
bromide] and DCPIP (2,6-dichlorophenol-indophenol). Reaction mixtures were setup
in buffer C (50 mM Hepes, 50 mM NaCl, pH 7). All reactions were initiated by
addition of 5 puL enzyme stock solution supplemented with 200 nM DTT to the
reaction mixture — final enzyme concentrations were 10 nM. Controls were performed
in the absence of enzyme. Rates of reduction with MQ, oxygen and disulfide
containing substrates were determined by fitting the observed absorption change at
380 nm in the first minute using adapted extinction coefficients (NADH &3go nm = 1.210
M™*.cm™ or NADPH €350 nm = 1.280 M™*.cm™). For the other electron acceptors
pertinent wavelengths and extinction coefficients were used (ferricyanide €420 nm =
1.040 Mt.em™; MTT €578 nm = 13.000 M™-cm™; DCPIP €600 nm = 21.000 M™*-cm™) [21].

Determination of reductive/oxidative rates

The protein was deoxygenated by incubation for 2 h in a glove box from Belle
Technology (Weymouth, UK) kept in nitrogen atmosphere. The reductive half-
reaction was investigated by mixing protein (~20 yM) in buffer B with 25-2.500 uM
NADH or 25-1.000 uM NAD(P)H. The concentrations given are final values after
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mixing in the flow cell. Experiments were performed with a SF-61SX2 stopped flow
device from TgK Scientific Limited (Bradford-on-Avon, UK) positioned in an anoxic
glove box from Belle Technology (Weymouth, UK) at 4 °C. Changes in flavin
absorption were followed with a PM-61s photomultiplier from TgK Scientific Limited
(Bradford-on-Avon, UK) at 453 nm.

Thermal shift assay

Thermal shift assays were performed as described elsewhere [22]. 20 uL of ~13 uM
Irc15p protein solution was pipetted into a white 96-well RT-PCR plate from Bio-Rad
(California, USA). Two pL of a 1:500 dilution of SYPRO® orange from Molecular
Probes (Oregon, USA) was added. The plates were sealed with an optical-quality
sealing tape from Bio-Rad (California, USA) and heated in a CFX Connect™ Real-
Time PCR detection system from Bio-Rad (California, USA) from 20 to 95 °C in
increments of 0.5 °C/5 sec. Fluorescence changes of the dye were detected at a
wavelength between 470 and 500 nm. Melting temperatures (Tm) were determined

using cfx manager 3.0 software from Bio-Rad (California, USA).

Results

Biochemical characterization of Irc15p

Initially, Irc15p was produced with a C-terminal hexa-histidine tag as described by
Keyes and Burke [2]. However, the protein could not be purified successfully due to
weak binding to the Ni-NTA sepharose resin. Therefore, we employed a C-terminal
nona-histidine tag enabling the successful purification of ~13 mg of protein from 1 |
culture with a purity of >90 % as judged by visual inspection of SDS-PAGE and by
using the program ImageJ (http://imagej.nih.gov/ij/) [23] (Figure 1, panel A). The
presence of DTT in the buffer was critical to prevent the precipitation of Irc15p.
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Figure 1. Determination of the purity and molecular mass of Irc15p using SDS-PAGE
and analytical size exclusion chromatography. (A) Determination of purity and subunit
molecular mass of Irc15p by SDS-PAGE after purification by affinity chromatography.
Lane 1, PageRuler™ prestained protein ladder (10-180 kDa); lane 2, protein extract
before induction; lane 3, protein extract after induction of IRC15; lane 4, protein
fraction after purification by Ni-NTA-sepharose. The subunit molecular mass of Irc15p
was estimated to ~55 kDa. (B) Determination of native molecular mass of Irc15p
(solid and dotted line show the absorption at 280 nm and 450 nm, respectively) using
analytical size exclusion chromatography. The insert shows a plot of the partition
coefficient (K,,) against the logarithm of molecular mass of standard proteins (ferritin,
440 kDa; aldolase, 158 kDa; conalbumin, 75 kDa; ovalbumin, 43 kDa; ribonuclease
A, 13.7 kDa). The calculated molecular mass of Irc15p (~ 113 kDa, black circle)
indicates that Irc15p is present as a dimer.

Analytical size exclusion chromatography yielded a molecular mass of
~115 kDa confirming that Irc15p forms a homodimer as previously reported by Keyes
and Burke [2]. The protein peak was associated with a yellow color indicating the
presence of a flavin cofactor in agreement with the high sequence similarity to the
FAD-dependent LPD (Figure 1, panel B).

To assess the chemical identity of the flavin cofactor, Irc15p was denatured
and the released flavin was analyzed by HPLC. A peak was obtained at a retention
time of 9.1 min closely corresponding to the retention time of authentic FAD (9.05
min). Furthermore, the purified protein showed the absorption characteristics of a
flavoprotein with two distinct peaks at 377 and 453 nm with a shoulder at ~470 nm.
Denaturation of the protein resulted in a slight bathochromic shift of the absorption
maxima (Figure 2). Using an extinction coefficient of 11.300 M cm™ at 450 nm for
free FAD [20] an extinction coefficient of 11.900 M™* cm™ at 453 nm was calculated

for Irc15p. This extinction coefficient was used to determine the concentration of
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Irc15p in further experiments. The Ajgo/Asso ratios of purified Irc15p were usually

between 4.3 and 4.5.
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Figure 2. UV/Vis absorption spectroscopy. UV-visible absorption spectrum of Irc15p
before (solid line) and after denaturation (dashed line). Denaturation of purified
Irc15p was carried out in buffer B (50 mM Hepes, 50 mM NaCl, 1 mM DTT, pH 7.0)
containing 0.2% SDS.

Photoreduction of Irc15p in the presence of EDTA led to the formation of the
fully reduced flavin (hydroquinone) without the formation of a semiquinone radical
(Figure 3). After reoxidation and removal of precipitated protein the obtained UV-vis
absorption spectrum was similar to the initial spectrum indicating that reduction is

fully reversible and does not give rise to chemical alterations of the flavin (Figure 3).
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Figure 3. Absorption pectra observed during the anaerobic photoreduction of Irc15p
in 50 mM Hepes, 50 mM NaCl, 1 mM DTT, pH 7.0. The solid black line represents
the spectrum before irraditiation. The reduction proceeds as indicated by the arrow
with the dashed dotted line representing the final spectrum. After reoxidation by
dioxygen the protein was partially denatured. The solution was cleared by
centrifugation and the spectrum recorded (dashed line).
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The redox potential of the FAD cofactor was determined with the
xanthine/xanthine oxidase system in the presence of safranin T (Ey = -289 mV).
According to the method of Minnaert [16] a plot of log(lrc15pox/Irc15peq) versus
log(dyeox/dyerq) was used to estimate the redox potential to -313 = 1 mV (six
independent measurements). In agreement with the photoreduction, reduction of
Irc15p occurred without formation of semiquinones and accordingly the slope of the
logarithmic plot was close to unity indicating that the reference dye as well as the

isoalloxazine moiety of the flavin takes up two electrons (Figure 4).
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Figure 4. Redox potential determination of Irc15p in the presence of safranine T. (A)
The absorption spectrum of the fully oxidized and fully reduced species are
represented by a solid and dashed black line, respectively. Selected spectra of the
course of reduction are represented in different shades of blue. Ten uM Irc15p was
reduced by the xanthine/xanthine oxidase electron delivering system in the presence
of safranine T over a time period of ~100 min. Data points for evaluation were
extracted at 430 nm and 530 nm for Irc15p and for the dye safranine T, respectively.
(B) Double logarithmic plot of the concentration of oxidized/reduced Irc15p vs. the
concentration of oxidized/reduced safranine T (Nernst plot).

Homology modelling and sequence alignment
The sequence identity and similarity of Irc15p and Lpdlp from S. cerevisiae is about
40% and 59%, respectively and several crucial amino acids and sequence motifs are

conserved (Figure 5).
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S. seoulensis Lpd AAALRGAQLGLDVALIEK---
S. cerevisiae Ircl5p TAAMQASQAGLLTACVDQ---
E. coli Lpd SAAFRCADLGLETVIVERY--
S. cerevisiae Lpdlp AATKAAQLGFNTACVEK---
A. vinelandii Lpd AATKSAQLGLKTALIEKYKG
*k oo oo .. * . o ..
S. seoulensis Lpd CLHKGCIP) LLHAGEIADQARESEQFGVKA----TFEGIDVPAVQKYK
S. cerevisiae Irclb5p ‘YLVDGAVP TLLYESYLYRLLQOQELIEQRGTRLF-PAKFDMQAAQSAL
E. coli Lpd CLNVGCIP LLHVAKVIEEAKA---LAEHGIV-FGEPKTDIDKIRTWK
S. cerevisiae Lpdlp CLNVGCIP LLNNSHLFHOMHTE--AQKRGIDVNGDIKINVANFQKAK
A. vinelandii Lpd CLNVGCIPJAALLDSSYKFHEAHES--FKLHGIS-TGEVAIDVPTMIARK
* ok o ke kk . . ..
S. seoulensis Lpd DDVISGLYKGLQGLIASRKVTYIEGEGRLSSPTSVDVNGQ--—-—-——————— RIEGRHVLL
S. cerevisiae IrclS5p KHNIEELGNVYKRELSKNNVTVYKGTAAFKDPHHVEIAQRGM--—---— KPFIVEAKYIVV
E. coli Lpd EKVINQLTGGLAGMAKGRKVKVVNGLGKFTGANTLEVEGENG--=--—-~— KTVINFDNAIT
S. cerevisiae Lpdlp DDAVKQLTGGIELLFKKNKVTYYKGNGSFEDETKIRVTPVDGLEGTVKEDHILDVKNIIV
A. vinelandii Lpd DQIVRNLTGGVASLIKANGVTLFEGHGKLLAGKKVEVTAADGS—————— SQVLDTENVIL
. * * .k . . . .. ..
S. seoulensis Lpd ATGSVPKSLPGLQIDGDRIISEDHALVLDRVPKSATIIL(EEEVpNeVIHFASAWKSFGADVTV
S. cerevisiae IrclS5p ATGSAVIQCPGVAIDNDKIISEDKALSLDYIPSRFTIMee[eMNeT HTACIFNNLGSRVTI
E. coli Lpd AAGSRPIQLPFIPHEDPRIWDSITDALELKEVPERLLVMeleleame 1 jaMGTVYHALGSQIDV
S. cerevisiae Lpdlp ATGSEVIPFPGIEIDEEKIVSETGALSLKEIPKRLTI I(e[e[eamNe HGSVYSRLGSKVTV
A. vinelandii Lpd ASGSKPVEIPPAPVDQDVIVDETGALDFONVPGKLGVI[EINEVPNET IHT.GSVWARLGAEVTV
*:** * . * .* * % s, :* ::*.* **:*:. B :*:
S. seoulensis_Lpd IEGLKHLVPVEDENSSKLLERAFRKRGIKFSLGTFFEKAEYTQDGVKVTLAD-—-———— G
S. CerevisiaeﬁIrcl5 VESQSEICQONMDNELASATKTLLOQCQGIAFLLDTRVQLAEADAAGQLNITLL-NKVSKKT
E. coliKlZind VEMFDQVIPAADKDIVKVFTKRISK-KFNLMLETKVTAVEAKEDGIYVTM---EGKKAPA
S. cerevisiae_Lpdlp VEFQPQIGASMDGEVAKATQKFLKKQGLDFKLSTKVISAKRNDDKNVVEIVVEDTKTNKQ
A. Vinelandii_Lpd LEAMDKFLPAVDEQVAKEAQKILTKQGLKILLGARVTGTEVKNKQVTVKFVD----AEGE
. k% * . . . . * . .
S. seoulensis Lpd KEFEAEVLLVAVGRGPVSQONLGYEEQGVNID-RGYV---LVDEYMRTNVPTISAVGDLVP
S. cerevisiae Ircl5p YVHHCDVLMVSIGRRPLLKGLDISSIGL--DERDFVENVDVQTQSLLKYPHIKPIGDVTL
E. col Lpd EPQRYDAVLVAIGRVPNGKNLDAGKAGVEVDDRGFI---RVDKQLRTNVPHIFAIGDIVG
S. cerevisiae Lpdlp ENLEAEVLLVAVGRRPYIAGLGAEKIGLEVDKRGRL---VIDDQFNSKFPHIKVVGDVTE
A. vinelandii Lpd KSQAFDKLIVAVGRRPVTTDLLAADSGVTLDERGEFI---YVDDYCATSVPGVYAIGDVVR
HEHE R R L x O HH * o HERa I
S. seoulensis Lpd TLQ VGFAEGILVAERL--AGLKTVPIDYDGVPRVTMCHPEVASVGITEAKAKEIYGA
S. cerevisiae Irclbp GP KAEEQATIRAIQSIGCTG-SDGTSNCGEFPPNVLMCQOPQIGWVGYTEEGLAKARIP
E. coli Lpd QP KGVHEGHVAAEVI--AG-KKHYFDPKVIPSIAMTEPEVAWVGLTEKEAKEKGIS
S. cerevisiae Lpdlp GP KAEEEGIAAVEML--KT-GHGHVNYNNIPS SHPEVAWVGKTEEQLKEAGID
A. vinelandii Lpd G KASEEGVVVAERI--AG-HKAQMNYDLIPAVIMTHPEIAGVGKTEQALKAEGVA
* % . . . . * * .*::. * Kk Kk x
S. seoulensis Lpd DKVVALKYSLAGNGKSKI-—------ LKTAGEIK-LVQVKDGAVVGVHMVGDRMGEQVGEA
S. cerevisiae Ircl5p YQOKGRVLFS—--QONVRYNTLLPREENTTVSPFIKVLIDSRDMKILGVHMINDDANELLSQA
E. coli Lpd YETATFPWA--ASGRAI--—-—— ASDCADGMTKLIFDKESHRVIGGAIVGTNGGELLGEI
S. cerevisiae Lpdlp YKIGKFPFA--ANSRAK------ TNQDTEGFVKILIDSKTERILGAHIIGPNAGEMIAEA
A. vinelandii Lpd INVGVFPFA--ASGRAM-—-——— AANDTAGFVKVIADAKTDRVLGVHVIGPSAAELVQQG
. .. . * . . .ok .. * . .
S. seoulensis Lpd QLIYNWEALPAEVAQLIHARETONBMALGEAHLALAGKPLEAHD------
S. cerevisiae Ircl5p SMAVSLGLTAHDVCKVPFP[gESLSMSFKQAVQLAMANGTSPGVHVRE * ~
E. coli Lpd GLAIEMGCDAEDIALTIHABIETLHEMSVGLAAEVFEGS I TPLPNPKAKKK
S. cerevisiae Lpdlp GLALEYGASAEDVARVCHABISTLSIMAFKEANMAAYDKATIHC*——-———-
A.

vinelandii Lpd AIAMEFGTSAEDLGMMVFARISALSIALHEAALVSG-HATIHVANRKK-—--
. .. . *

* Kk . *

Figure 5. Alignment of the Irc15p protein sequence with sequences of LPD from S. cerevisiae, E.
coli, Streptomyces seoulensis and Azotobacter vinelandii. The mitochondrial targeting sequence of
Lpd1p is highlighted in red. The amino acid signature near the redox-active disulfide is highlighted
in yellow. The respective sequence in Irc15p is highlighted in green. The catalytic His-Glu diad is
highlighted in blue. Other residues in the active site are highlighted in petrol. Residues involved in
structural stabilization are highlighted in purple. Conserved sequence motifs (GXxGxxG) which are
part of the Rossman-fold are highlighted in dark purple. Overall sequence identities and similarities
of Irc15p and various LPDs to Lpdlp are: Irc15p (40% and 59%, respectively) E. coli LPD (41%
and 57%, respectively), Streptomyces seoulensis LPD (37% and 55%, respectively) and
Azotobacter vinelandii LPD (45% and 63%, respectively).
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A structural model of Irc15p was generated using the Swiss model server [17] using
Lpdlp from S. cerevisiae (PDB entry: 1V59) as template (Figure 6, panel A). A
comparison of the close environment of the FAD cofactor from Irc15p (Figure 6,
panel B) and Lpd1lp (Figure 6, panel C) reflects a high sequence conservation: out of
16 residues that are within 4 A of the flavin isoalloxazine ring only four are different.
Notably, among these are the two cysteines, C46 and C49, which make up the
dithiol/disulphide redox centre of Lpd1p. These are replaced by tyrosine and alanine,
respectively. The two amino acid residues that compose the catalytic diad, i.e. H457

and E462 are conserved in both proteins [24].

Gly-48

His-457 Glu-462
Tyr-43 Cys-46 PN
%)
L /!

Figure 6. Overall structural similarity of Ircl5p and LPD1p. (A) Structural
superposition of LPD1p (grey, PDB code: 1V59) and Irc15p (blue/green) The FAD
cofactor is shown as yellow sticks. Close-up view of the active sites of Irc15p (B) and
LPD1p (C). Residues close to the FAD isoalloxazine ring are shown as grey sticks for
both protomers (Lpdlp) or in colors corresponding to the respective protomer
(Irc15p). Figures were prepared with the software PyMOL [25].
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Enzymatic properties and thermal stability of Irc15p

To gain information on the specificity of the electron donor the reductive half-reaction
was studied using stopped-flow spectrophotometry. Reduction of Irc15p with NADH
was fast and monophasic. The rate of reduction was analysed as a function of
substrate concentration and fitted to a hyperbolic equation yielding a limiting
reductive rate of 250 + 3 s and a dissociation constant of 100 + 5 pM (Figure 7,
panel A). As noted above, no semiquinone radical was observed (Figure 7, panel A,
inset). In contrast to reduction by NADH, the reduction with NADPH exhibited two
phases (Figure 7, compare panel B and C) and the bimolecular rate constant
determined at 100 pM NAD(P)H is an order of magnitude lower (NADH = 1,2:10°

M s® NADPH = 3,4:10° Mt-s™).
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Figure 7 Presteady-state kinetics of Irc15p to determine reductive rates for NADH.
(A) The rate of reduction was determined under anoxic conditions with the stopped
flow device equipped with a diode array detector. At least three independent
measurements were performed (error bars are shown as standard deviations). The
inset shows selected absorption spectra of the reduction of ~20 uM Irc15p with 375
MM NADH. (B) Absorption change at 450 nm of the reduction of ~20 pM Irc15p with
1250 uM NADH determined. (C) Absorption change at 450 nm of the reduction of
~20 uM Irc15p with 1000 uM NADPH.
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To evaluate the enzymatic activity of Irc15p, assays with NAD(P)H and several
potential electron acceptors were performed (Table 1). No activity was observed with
substrate disulfides such as lipoic acid, glutathione or cystine. On the other hand, the
enzyme showed diaphorase activity with the non-specific electron acceptors
potassium ferricyanide, MTT, and DCPIP and quinone reductase activity with MQ.
Furthermore the reduced cofactor was reoxidized by molecular oxygen, however at a
comparatively sluggish rate. A clear preference for NADH as electron donor is only
observed in steady-state assays employing potassium ferricyanide as electron

acceptor.

Table 1. Specific activities of Irc15p with NAD(P)H [umol/min™/mg™] as electron
donor in comparison with the specific activity of LPD from Streptomyces seoulensis
[26] and LPD from S. cerevisiae (in brackets) [27] with NADH. Reduction of
ferricyande, DCPIP and MTT was determined at 420, 600 and 500 nm, respectively.
All other reactions were monitored at 380 nm.

Specific Activity Specific Activity Specific Activity of
Substrate with NADH with NADPH LPD with NADH
[umol/min™/mg™? [umol/min™/mg™? [umol/min“t/mg™]°
7.9
Ferricyanide 179.5 17.9 g
(1670.0%)
b 61.4
DCPIP 3.9 4.7 d
(2.0
MQ*P 19.7 19.3 7.2
MTT* 1.6 1.3 -
Lipoic acid* 0 0 15.6
Cystine* 0 0 0.8
Glutathione* 0 0 0.2
Oxygen* 1.0 1.0 0

®The reaction mixture for the measurements of Irc15p contained 50 mM Hepes, pH 7.0, 50
mM NaCl, 10 nM DTT, 500 uM NAD(P)H, 500 uM electron acceptors (except MQ and
DCPIP). "The concentration of DCPIP and MQ were 50 and 200 uM, respectively. The
reaction mixture for the measurements of LPD from Streptomyces seoulensis contained 50
mM sodium phosphate buffer, pH 7.4, 0.3 mM substrates and 0.2 mM NADH. “The reaction
mixture for the potassium ferricyanide assay of LPD1 from Saccharomyces cerevisiae
contained 165 mM sodium acetate, pH 4.8, 0.7 mg/ml bovine serum albumin, 1mM EDTA,
600 puM NADH, 670 pM potassium ferricyanide. The DCPIP assay contained phosphate
buffer, pH 7.2, 0.7 mg/ml bovine serum albumin, 1mM EDTA; 600 yM NADH and 40 yM
DCPIP.
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The potassium ferricyanide assay was further used to determine the influence
of various pH values and salt concentrations on the enzymatic activity of Irc15p. The
highest activity was observed at pH 7.0 without salt in the assay buffer. Below and
above pH 7.0 the activity is reduced by about 14-49%, and the presence of salt
decreased the activity at pH 7.0 by 40%.

The thermal stability of Irc15p was monitored using a thermal shift assay.
However, the fluorescence of the non-covalently bound FAD can’t be used for
detection, so the experiment was performed with the fluorescent dye SYPRO®
orange [22]. Under optimal conditions Irc15p displays a rather high thermal stability of
about 70°C (Table 2).

Table 2. Activity and thermal stability of Irc15p at various pH and in the absence and
presence of salt

Buffer composition Activity [%] Tm [°C]
50 mM Hepes, pH 6.0 51 70
50 mM Hepes, pH 7.0 100 69
50 mM Hepes, pH 8.0 86 62
50 mM Tris/HCI, pH 9.0 46 56
50 mM Hepes, pH 7.0, 150 mM NaCl 61 69

The reaction mixture for the activity assay contained also 10 nM DTT, 500 uM NADH and
500 pM ferricyanide.

Discussion

In this study, we have demonstrated for the first time that Irc15p is a flavoprotein with
FAD as cofactor. Recombinant Irc15p features characteristic spectral properties that
are similar to those reported for LPDs (Figure 2). In contrast to LPDs, reduction of
Irc15p does not give rise to the typical charge transfer absorption at longer
wavelength (~530 nm) owing to the lack of a pair of redox active cysteines near the
FAD cofactor [26,28]. Instead, reduction by light as well as with NAD(P)H yielded the
fully reduced hydroquinone FAD without the occurrence of a semiquinone radical
(Figures 3 and 6).
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The redox potential determined for Irc15p is shifted by 93 mV to -313 £ 1 mV
compared to free flavin (= -220 mV). The redox potentials determined for LPD from
E. coli were Eq/EH, = -264 mV and EH,/EH, = -314 mV and were assigned to the
redox potentials of the disulfide/dithiol couple and the FAD/FADH, couple,
respectively [28]. In order to confirm this assignment, Hopkins et al. [29] created two
variants lacking either one of the two participating thiol groups, i.e. the variant C44S
and C49S. The redox potentials of these variants were -379 and -345 mV,
respectively, suggesting that the more negative redox potential determined for wild-
type LPD belongs to the FAD/FADH, couple. Thus the redox potential of Irc15p is
very similar to that of LPD suggesting that the environment of the FAD cofactors in
these proteins is comparable.

Furthermore, we have demonstrated that the thermal stability of the protein is
rather high (= 70 °C). This is not unusual as the reported melting temperature for
lipoamide dehydrogenase from Azotobacter vinelandii is even higher (= 80 °C, [30]).
Interestingly, it was shown that an exchange of Y16 to phenylalanine leads to a
decrease of the melting temperature to 72 °C, since Y16 stabilizes the interaction of
the subunits via hydrogen bond formation to H470 [31]. In Irc15p phenylalanine is
found in position 16 and H470 is replaced by serine. Therefore, the lower melting
temperature of Ircl5p may be accounted for the amino acid changes in these
positions.

To determine the substrate specificity of Irc15p the reductive half reaction was
investigated using either NADH or NADPH. These measurements established a clear
preference for NADH as electron donor proceeding with a limiting rate of
keea = 250 s (Figure 6). Thus, the limiting rate of Irc15p is an order of magnitude
lower than that of lipoamide dehydrogenase (250 s™ at 4 °C vs. >3000 s™ at 21 °C)
[32,33]. Since Irc15p is associated with microtubules and was shown to regulate their
dynamics the rapid reduction by NADH sheds a new light on its potential role in
processes such as mitosis. In recent years, several studies concluded that the
NAD*/NADH ratio and the overall redox status are regulatory elements of the cell
cycle and the dynamics of the cytoskeleton [34-36]. It was shown that the
NAD'/NADH ratio is high during the GO phase, decreases during the S phase before
it increases again in the G2 phase. However, no information is available of the
NAD*/NADH ratio during mitosis [35]. Furthermore, it has been shown that NAD" has

an influence on the stability and curvature of microtubules. Since it is not interacting
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directly with the polymer it has been proposed, that NAD" affects microtubule binding
proteins on the plus-end of the polymer [36]. How exactly the redox state influences
the cell cycle and the cytoskeletal dynamics is not known, but several cell cycle
regulating proteins as well as tubulin contain redox sensitive elements like cysteines
or cofactors were modifications may occur [37,38]. Therefore, it is conceivable that
reduced Ircl5p interacts with these proteins and reduces oxidized groups, e.g.
disulfides, to enable for example the polymerization of tubulins as shown in
Scheme 1. This reactivity would clearly fit to the mode of action found in LPDs, where
an internal disulfide in proximity to the isoalloxazine moiety of FAD is reduced to the
dithiol via reduction of the flavin by NAD(P)H. In search for such an activity we tested
a variety of disulfides, such as cystine, glutathione and lipoamide but we were unable
to detect any reduction of these compounds (Table 1). However, we discovered that
artificial electron acceptors such potassium ferricyanide, DCPIP, MTT and MQ were

good to excellent electron acceptors (Table 1).

s—s tubulin

% e

msoxidized” /TN
S—S

Irc15p

red

SH SH polymerization
NAD+ Irc15p_ \./ competent ,,reduced”

O . state
/O\
SH S

H
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Scheme 1. Hypothetical role of Irc15p in the polymerization of tubulin subunits.
Shown here is the reduction of putative disulfides located on tubulin by the action of
reduced Irc15p at the expense of NADH.

A similar observation was reported for LpdA from Mycobacterium tuberculosis, which
contains five homologs of flavoprotein disulfide reductases [39]. Apparently, LpdA

does not reduce disulfide containing compounds but similar to Irc15p reduces
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qguinones [39]. Interestingly, LpdA lacks one of the two cysteines near the FAD and
the catalytic His-Glu diad, in other words it shares the absence of the dithiol-disulfide
redox center with Irc15p but on the other hand also lacks the catalytic diad, which is
present in Irc15p. Since the catalytic diad is important in the oxidative half reaction of
disulfide reductases, i.e. the formation of the internal disulfide by oxidation through
the external disulfide (the “dithiol-disulfide exchange reaction”), its presence in Irc15p
suggests that it has retained the ability to catalyze a similar reaction. Although our
experimental data do not directly support the involvement of Irc15p in the reduction of
disulfides, it is conceivable that the interaction of Irc15p with tubulin subunits
unmasks the catalytic machinery of Irc15p leading to the formation of a competent
complex conducive to electron transfer from the reduced FAD to disulfides present in
tubulin. Alternatively, Irc15p transfers the electrons to another yet unidentified
electron acceptor. Further studies will be required to elucidate the nature of the

electron acceptor and the role of the reduction in microtubule dynamics.
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Abstract

The genome of the yeast Saccharomyces cerevisiae encodes four flavodoxin-like
proteins, namely Lot6p, Pst2p, Rfslp and Ycp4p. Thus far only Lotép was
characterized in detail demonstrating that the enzyme possesses NAD(P)H:quinone
oxidoreductase activity. In the present study, we heterologously expressed PST2 in
Escherichia coli and purified the produced protein to conduct a detailed biochemical
and structural characterization. Determination of the three-dimensional structure by
X-ray crystallography revealed that Pst2p adopts the flavodoxin-like fold and forms
tetramers independent of cofactor binding. The lack of electron density for FMN
indicated weak binding, which was confirmed by further biochemical analysis yielding
a dissociation constant of 20 £ 1 uM. The redox potential of FMN bound to Pst2p was
determined to -89 £ 3 mV and is thus 119 mV more positive than that of free FMN
indicating that reduced FMN binds ca. five orders of magnitude tighter to Pst2p than
oxidized FMN. Due to this rather positive redox potential Pst2p is unable to reduce
free FMN or azo dyes as reported for other members of the flavodoxin-like protein
family. On the other hand, Pst2p efficiently catalyzes the NAD(P)H dependent two-
electron reduction of natural and artificial quinones. The kinetic mechanism follows a
ping-pong bi-bi reaction scheme. In vivo experiments with a PST2 knock out and
overexpressing strain demonstrated that Pst2p enables yeast cells to cope with
quinone-induced damage suggesting a role of the enzyme in managing oxidative

stress.

M NAD(P)H NAD(P)"
/] F}
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Highlights
e Heterologous production of the flavoprotein Pst2p from Saccharomyces
cerevisiae
e The flavodoxin-like protein Pst2p forms tetramers independent of cofactor
binding
e Reduced FMN binds ca. five orders of magnitude tighter to Pst2p than
oxidized FMN

e Pst2p exhibits quinone reductase activity in vitro and in vivo
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Introduction

The yeast flavoproteome comprises 68 proteins with 47 distinct biological functions.
Despite having served as a model organism for decades, many of the flavoproteins
are poorly characterized with regard to their biochemical and enzymatic properties.
Within the yeast flavoproteome, the group of flavodoxin-like proteins comprises four
members, namely Lot6p, Pst2p, Rfslp and Ycp4p. However, only Lot6p was
structurally, biochemically and enzymatically characterized [1]. In general, the
flavodoxin-like protein superfamily comprises highly diverse members with regard to
amino acid sequence, flavin cofactor, electron donor and acceptor as well as
guaternary structure [2]. On the other hand, mammalian flavodoxin-like proteins, such
as NQO1l and NQO2 are strictly homo-dimeric proteins, which possess a FAD-
cofactor. The FAD cofactor can be reduced either by NAD(P)H or by
dihydronicotinamide riboside and both enzymes catalyze the reduction of quinones,
azo dyes and nitro compounds [3-6].

In the other kingdoms of life, quinone reductases more distantly related to
NQO1 were found, for example WrbA from Escherichia coli, the founding member of
a family of FMN-dependent proteins, which are present in archaea, bacteria, fungi
and the Viridiplantae kingdom [7, 8 and references therein]. WrbA possesses FMN as
cofactor and lacks the C-terminal subdomain present in NQO1 and is therefore able
to form tetramers, assembled as a dimer of dimers [9]. Similar to NQO1, WrbA
possesses NAD(P)H-dependent quinone reductase activity but no azo reductase
activity [10,11].

The importance of quinone reductase activity in vivo is still under discussion. It
was proposed that it protects the cell from oxidative stress provoked by exogenous
toxic quinones and, on the other hand, may prevent cellular damage from lipid
peroxidation by keeping endogenous quinones in their reduced form to maintain their
anti-oxidative activity [12 and references therein]. In the past two decades, the redox
activity of flavodoxin-like proteins was implicated also in other functions, such as the
generation of reduced FMN for other enzymes [13], ubiquitin-independent
proteasomal degradation [14 and references therein], superoxide scavenging [15] as
well as the pathogenicity of Candida albicans [16], Botrytis cinerea [17] and
Pseudomonas aeruginosa [18]. In addition to this functional diversity of flavodoxin-

like proteins, it was shown that many species possess more than one flavodoxin-like
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protein with distinct but overlapping functions [11 and references therein]. This
complexity makes it difficult to define the cellular roles of flavodoxin-like proteins
solely based on sequential or structural information.

In the present study we set out to express PST2 from S. cerevisiae and
purified the produced protein from E. coli for a detailed biochemical and structural
characterization. X-ray crystallography confirmed a flavodoxin-like topology and
kinetic analysis revealed that the enzyme is an efficient NAD(P)H:quinone
oxidoreductase. However, due to the unusually positive redox potential, Pst2p lacks
FMN and azo reductase activity. In vivo, Pst2p appears to confer resistance to some

exogenous quinones whereas in other cases it renders yeast cells more sensitive.

Materials and Methods

Materials

All chemicals, reagents and enzymes were of highest quality and were from Sigma-
Aldrich (St. Louis, USA), Roth (Karslruhe, Germany) or Thermo Fisher Scientific
(Waltham, USA), unless otherwise noted. Columns for affinity chromatography (Ni-
NTA-sepharose), size exclusion chromatography (Superdex 200 10/300 GL) and
buffer exchange (PD-10 desalting column) were from GE Healthcare (Little Chalfont,
UK). E. coli strains Top10 and Rosetta™™(DE3) were from Invitrogen (Carlsbad, USA)
and Merck (Darmstadt, Germany), respectively. S. cerevisiae strains BY4741 (MATa,
his3A1, leu2A0, met15A0, ura3A0) were from Euroscarf (Frankfurt, Germany) and
correct depletion was ensured by colony PCR. The plasmids pET21a and pYES2
were from Merck (Darmstadt, Germany) and Invitrogen (Carlsbad, USA),
respectively. The concentrations of holo- and apo-Pst2p and the following
compounds were determined spectrophotometrically using molar extinction
coefficients: Pst2p (ess3 = 10.600 M™ cm™, experimentally determined), apo-Pst2p
(280 = 32.430 M cm™, based on amino acid sequence), NAD(P)H (340 = 6.220 M™
cm™), 1,4-BQ dissolved in EtOH (g24, = 24.000 M cm™) [19], MQ dissolved in EtOH
(€333 = 2.450 Mt cm™) [20], DQ dissolved in EtOH (€271nm = 14.500 M cm™), CoQ1
solved in EtOH (€278 nm = 14.500 M cm™) [21] and FMN (e450 = 12.500 M ecm™) [22].
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Cloning of PST2 for large scale expression in E. coli and for yeast overexpression

All strains were generated using standard genetic techniques [23-25]. Briefly,
genomic DNA from S. cerevisiae was extracted with yeast DNA extraction kit from
VWR (Radnor, USA). According to the sequence for PST2 from the Saccharomyces
genome database [26] the following primers excluding the stop codon of the gene
and including respective restriction sites for cloning were designed and synthesized
from VBC (Vienna, Austria): fw_5-GAGCCATATGCCAAGAGTAGCTATCATCATTT
ACACAC-3’; rev_5-CCTGCTCGAGAAACTTTGCAACGGTTTCGTAGAAAGTC-3'.
To construct the heterologous expression vector pETla(+)PST2 introducing an
additional C-terminal 6x-His tag the restriction enzymes Ndel/Xhol were used.
Individual clones were sequenced before transforming the plasmid into E. coli
Rosetta™(DE3) cells.

For overexpression of PST2 in S. cerevisiae the construct was generated
using PCR with pET1a(+)PST2 as template to cover also the C-terminal 6xHis tag.
The following primers including respective restriction sites were designed and
synthesized from VBC (Vienna, Austria): (fw-5-GAGCGGATCCCCAAGAG
TAGCTATCATCATTTACACAC-3, rev-5-GCTGCGGCCGCTCAGTGGTGGTGGTG
GTG-3’). The restriction enzymes BamHI/Notl were used and the gene was ligated
into the corresponding site of the vector pYES2, thus expressing C-terminal 6xHis
tagged PST2 under the control of the GAL1 promotor. Individual clones were
sequenced and S. cerevisiae BY4741APST2 cells were transformed from now on
referred as PST2 overexpression strain. Furthermore BY4717 and BY4741APST2
cells were transformed with empty pYES2 plasmid, from now on referred as wild-type
and PST2 knock out strain, respectively.

Heterologous expression of PST2 and purification of Pst2p

A single colony of E. coli Rosetta(DE3) comprising pET21a(+)PST2 was used to
inoculate a pre-culture that was aerobically incubated (37 °C, 16 h, 150 rpm) in
lysogeny broth (bacto-tryptone 10 g/L, bacto-yeast extract 5 g/L' NaCl 5 g/L)
supplemented with 100 pg/mL ampicillin and 20 pg/mL chloramphenicol. 1% pre-
culture was used to inoculate the main-culture supplemented with 100 pg/mL
ampicillin and 10 pg/mL chloramphenicol, which was incubated aerobically at 37 °C
with agitation at 150 rpm until an ODgpo Of ~0,6 was reached. Expression of PST2

was induced by addition of 0.5 mM isopropyl-thio-B-d-galactoside. The culture was
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further incubated for 16 h at 20 °C. Cells were harvested by centrifugation at 4.500 x
g at 4 °C and washed once with 1% saline solution. Cell pellets were resuspended in
4 mL/1g pellet buffer A (50 mM Hepes, 150 mM NacCl, pH 7.0) supplemented with 20
mM imidazole, 1 mM phenylmethylsulfonyl fluoride solved in dimethylsulfoxide, 10
MM riboflavin 5-monophosphate sodium salt and further 1 pL of protease inhibitor
cocktail for use in the purification of histidine-tagged proteins from Sigma-Aldrich (St.
Louis, USA) was added per g of cell pellet. Cell disruption was achieved by
sonication with a Labsonic L instrument from Braun Biotech. International (Berlin,
Germany) with 120 Watt for 3 x 3 min in an ice-water bath with 3 min pauses
between each cycle. The cell lysate was centrifuged at 38.850 x g for 45 min at 4 °C,
and the supernatant was loaded onto a 5-mL HisTrap HP column previously
equilibrated with buffer A supplemented with 20 mM imidazole. The column was
washed with buffer A supplemented with 50 mM imidazole and subsequently proteins
were eluted with buffer A supplemented with 300 mM imidazole. Fractions containing
target protein were pooled and concentrated with centrifugal filter units (Amicon Ultra-
15, 10 k; Millipore, Billerica, MA, USA). Concentrated protein was re-buffered to
buffer B (50 mM Hepes, pH 7.0) with a PD-10 desalting column. The protein solutions

were shock frozen and stored at —-80 °C, if not used immediately.

Crystallization

Crystallization experiments were performed in microbatch plates using different
commercial crystallization screens (i.e. the Index Screen from Hampton Research
and the Morpheus Screen from Molecular Dimensions). Sitting drops were prepared
by mixing 0.5 uL of the protein solution (at a concentration of 18 mg/mL) with an
equal volume of mother liquor, which were pipetted using an ORYX 8 pipetting robot
from Douglas Instruments. The trays were incubated at 20 °C. First crystal clusters
were observed after one day, followed by further optimization using cross-seeding.
Diffracting Pst2p crystals were obtained with 0.2 M ammonium acetate, 0.1 M
HEPES pH 7.5, 25% w/v 3350 Index screen (condition F8). Crystals were flash

cooled in liquid nitrogen using 20% glycerol for cryoprotection.

Structure determination and refinement
X-ray diffraction data were collected to a maximum resolution of 2.8 A on beamline
ID29 (A=0.972 A) at the ESRF Grenoble, France. The crystals were orthorhombic
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(space group P2:2:2;) with unit-cell dimensions a=69.41 A, b=110.56 A and
c=223.81 A. The data were processed using the XDS package [27] and programs
from the CCP4 suite [28] and a randomly chosen set of 5% of the reflection was set
aside for the calculation of Ryee values. The structure was solved by molecular
replacement using the structure of WrbA from E. coli in complex with 1,4-BQ (PDB
code: 3B6K, 44% sequence identity) [29] as search template yielding eight chains in
the asymmetric unit. Structure rebuilding and refinement were performed using the
programs Coot [30] and PHENIX [31]. The electron density was improved by density
modification and statistical phase improvement using the programs Parrot and Pirate
from the CCP4 suite [28]. Non-crystallographic-symmetry (NCS) restraints were
applied in the initial stages of the refinement but were removed for the final
refinement cycles. Sufficiently clear electron density was observed for all amino acids
except of the first methionine in all chains. Detailed statistics pertaining to data
processing and structure refinement are summarized in Table 2. Atomic coordinates
and structure factors have been deposited in the Protein Data Bank under accession
number 5SMP4.

Determination of molecular masses of Pst2p
Subunit molecular mass of purified Pst2p was determined by SDS-Page under

reducing conditions with a 12.5% separating gel and 5% stacking gel described by
Laemmli [32]. The used protein molecular mass marker was the PageRuler™
prestained protein ladder (10-180 kDa) from Thermo Fisher Scientific (Waltham,
USA).

To determine the native molecular mass of Pst2p size exclusion
chromatography with buffer A using a Superdex 200 10/300 GL column attached to
an Aktapurifier™ system from GE Healthcare (Little Chalfont, UK) was performed.
Protein elution was monitored at 280 nm and 450 nm wavelength. The column was
calibrated with molecular mass standards according to the instructions from GE

healthcare.

Apo-protein preparation

Apo-Pst2p was prepared as described in [33]. In brief, purified Pst2p was loaded on
a 5-mL HisTrap HP column previously equilibrated with buffer A. The column was
washed with buffer A supplemented with 2 M urea, and 2 M KBr until no cofactor was
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noticed in the flow through and then re-equilibrated with 25 mL buffer A before eluting
the protein. Fractions containing target protein were further processed as described
for the holo-protein. Complete removal of the cofactor was verified

spectrophotometrically.

Limited proteolysis

Limited proteolysis with 2 pg/mL trypsin from Promega, (Madison, USA) of 30 pM
Pst2p or apo-Pst2p in buffer C was performed at 37°C. The reaction was stopped at
various time points by adding SDS sample buffer and boiling at 95°C for 10 minutes.
Samples were analysed by SDS-Page under reducing conditions with a 12.5%
separating gel and 5% stacking gel.

Thermal shift assay

Thermal shift assays were performed as described elsewhere [34,35]. 20 pL of 0.5
mg/mL apo- or holo-Pst2p were pipetted into a white 96-well RT-PCR plate from Bio-
Rad (California, USA). Five pL of a 1:500 dilution of SYPRO® orange from Molecular
Probes (Oregon, USA) was added to apo-Pst2p. The plates were sealed with an
optical-quality sealing tape from Bio-Rad (California, USA) and heated in a CFX
Connect™ Real-Time PCR detection system from Bio-Rad (California, USA) from 20
to 95 °C in increments of 0.5 °C. Fluorescence changes of the intrinsic FMN of Pst2p
or the dye in the case of apo-Pst2p were detected at a wavelength between 470 and
500 nm. Melting temperatures (Tm) were determined using cfx manager 3.0 software
from Bio-Rad (California, USA).

Methods using UV-visible absorption spectroscopy
Absorption spectra were recorded with a Specord 200 plus spectrophotometer from
Analytik Jena (Jena, Germany) at 25 °C using 1-cm quartz cuvettes.

Extinction coefficient

The extinction coefficient of Pst2p was determined according to the protocol
described in reference [22]. Briefly, Pst2p bound FMN was released by addition of
0.2% SDS. UV-visible absorption spectra were recorded before and after
denaturation of the enzyme. The calculation led to an extinction coefficient of 10.600

M™cm™ at 453 nm for native Pst2p.
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Difference titrations

Difference titrations were carried out in tandem quartz cuvettes as described in [33].
The cuvettes were filled with 800 yL of a ~50 yM protein solution (apo-Pst2p or
Pst2p) in buffer C (50 mM Hepes, 50 mM NaCl, pH 7.0) in one chamber and 800 uL
of buffer C in the other chamber. The titration experiments were performed by
stepwise addition of 2-8 uM FMN (1 mM stock solution) to apo-Pst2p or by addition of
2-8 UM quinone (1-4 mM stock solution dissolved in 50% EtOH) to Pst2p. After
careful mixing and incubation for 3 min an absorption spectrum was recorded (250—
700 nm). The Ky values were determined by nonlinear hyperbolic fit in Origin 7.0
(OriginLab Corp., Northampton, MA, USA).

Anaerobic Photoreduction

Photoreduction was carried out as described in [22]. Briefly, ~20 uM Pst2p in 1 mL
buffer C supplemented with 1 mM EDTA was deoxygenated by incubation for 2 h in a
glove box from Belle Technology (Weymouth, UK). A 10 W LED floodlight (Luminea)
was used to reduce the cofactor by light irradiation. Spectra were recorded after each
reduction step until no further spectral changes were observed. Thereafter the

sample was exposed to air and a spectrum was recorded after complete reoxidation.

Steady state kinetics

Initial-velocity measurements were performed in triplicate with NAD(P)H, 1,4 BQ,
MQ, duroquinone and CoQ1l by following the oxidation of NAD(P)H at 380 nm.
Reaction mixtures were setup in 50 mM Hepes pH 7, 50 mM NaCl, 2% (v/v) EtOH.
Substrate concentrations were as follows: NAD(P)H (30-500 pM) at a saturating
concentration of 200 uM for MQ. Different quinone concentration, i.e. 1,4-BQ (5-155
uM), MQ (20-235 uM), DQ (12-317 uM) or Q1 (30-500) were measured at a
saturating NADH concentration of 350 uM. For the investigation of the reaction
mechanism of Pst2p various concentrations of NADH (30-350 um) and MQ (20- 200
1M) were used. All reactions were initiated by addition of 5 uL enzyme stock solution,
supplemented with 400 pM FMN, to the reaction mixture — final enzyme
concentrations were 2-10 nM (final FMN concentration: 2 pM). Controls were
performed in the absence of enzyme. For each concentration, at least three
measurements were performed. Initial velocities were determined by fitting the

absorption change at 380 nm in the first minute using the appropriate extinction
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coefficients (NADH €e3go = 1.210 M™* cm™ or NADPH €350 = 1.280 M™*-cm™). Ky and
kcat Were determined by nonlinear hyperbolic fit in Origin 7.0 (OriginLab Corp.,
Northampton, MA, USA).

Determination of reductive/oxidative rates

The protein was deoxygenated by incubation for 2 h in a glove box from Belle
Technology (Weymouth, UK). The reductive half-reaction was investigated by mixing
protein (~25 uM) in buffer B with 25-1.250 uM NAD(P)H. The oxidative half-reaction
was investigated by mixing reduced protein (~ 25 uM, reduced with 0,9 equivalents
NADH) with 25-300 pM MQ, 25 uM 1,4-BQ and 25-100 pM DQ. These
concentrations are final values after mixing in the flow cell. Experiments were
performed with a SF-61SX2 stopped flow device from TgK Scientific Limited
(Bradford-on-Avon, UK) positioned in an anaerobic glove box from Belle Technology
(Weymouth, UK) at 4 °C. Changes in flavin absorption were followed with a PM-61s
photomultiplier from TgK Scientific Limited (Bradford-on-Avon, UK) at 453 nm. Each
concentration was measured in triplicates and the observed rate constants for
different substrate concentrations (kops) Were calculated using the exponential fitting

function of the kinetic studio software (TgK Scientific Limited).

Redox potential

The redox potential was determined by the dye-equilibration method using the
xanthine/xanthine oxidase electron delivering system as described by [36]. Reactions
were carried out in buffer C supplemented with methyl viologen (2.5 yuM) as mediator,
500 uM xanthine, and xanthine oxidase in catalytic amounts (~40 nM) and lasted 0.5-
2 h. The protein concentration for a typical experiment was ~25 uM. These
concentrations are final values after mixing in the flow cell. Experiments were
performed with a SF-61SX2 stopped flow device from TgK Scientific Limited
(Bradford-on-Avon, UK) equipped with an auto-shutter to reduce photochemical
effects during the experiment. To maintain anaerobic conditions the device was
positioned in a glove box from Belle Technology (Weymouth, UK). Spectra during the
course of reduction were recorded with a KinetaScanT diode array detector from TgK
Scientific Limited (Bradford-on-Avon, UK). Dyes used for analysis and their
corresponding redox potentials were potassium indigotrisulfonate (-81 mV) and

indigo carmine (-125 mV). Due to spectral changes of the used dyes during the
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reduction process the amounts of oxidized and reduced Pst2p were quantified at the
isosbestic points at 485 and 461 nm for potassium indigotrisulfonate and for indigo
carmine, respectively. The reduction oxidation potentials were calculated from plots
of log([ox]/[red]) of the protein versus log([ox]/[red]) of the dye according to [37] using
Excel 2010 (Microsoft, Redmond, WA, USA).

Determination of the dissociation constants for reduced FMN bound to Pst2p

The redox potential of free FMN (-208 mV) and the determined value for the
FMN/FMNH, couple in Pst2p was used to calculate the Kq of the reduced flavin by
using the determined Ky for the oxidized flavin according to the thermodynamic
relationship shown in Scheme 1. The Gibbs energy for the binding affinity between
the reduced cofactor and the enzyme was calculated according to the relationship
AG1 + AG2 = AG3 + AG4.

AG, = R-TInK;
Ky (ox) ~ 20 uM
FMNy Z > FMN,,/Pst2
N N
AG, = z-FE, oH 7.0 AG, = zFE
E, = -208 mV ' E,=-89 mV
\Z JV
FMN, ., <€ = FMN,4/Pst2
AGZ = RTInKB

Ky (red) ~2 nM
Scheme 1. Thermodynamic relationships between redox potentials and dissociation

constants.

Strain sensitivity and growth assay

A single colony of the respective strains was grown for 24 h in synthetic dextrose
medium [0.67% amino acid free yeast nitrogen base, 2% carbon source, 0.01%
(adenine, arginine, cysteine, leucine, lysine, threonine, tryptophan, uracil) 0.005%
(aspartic acid, histidine, isoleucine, methionine, phenylalanine, proline, serine,
tyrosine, valine) lacking uracil (SD-ura)]. About 20 mL of fresh synthetic galactose
medium lacking uracil (SG-ura) was inoculated with pre culture to an ODggo Of 0,1.

The culture was then grown for several hours to a final ODgg 0Of 1.0. Samples were
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differentially diluted and plated on SG-ura plates supplemented with 1,4-BQ (50-250
KM), hydroquinone (500-2000 uM), DQ (25-100 pM) and were grown for 2—3 days in
an incubator at 30 °C. Quinones were added from stocks made in pure EtOH to allow
a homogenous distribution of the reagent in the agar medium. Final EtOH
concentrations were 2% (v/v). To exclude growth differences, of the strains
independent of the stressors, samples were also plated on SG-ura plates
supplemented with the solvent and growth behavior in liqguid media was monitored at
ODs0o.

Results

Biochemical characterization of Pst2p

PST2 from S. cerevisiae was heterologously expressed in E. coli and the produced
protein was purified from crude extracts using Ni-NTA affinity chromatography. From
1 | culture about ~70 mg of enzyme was obtained with a high purity as judged by

visual inspection of the SDS-gel (Figure 1, panel A).
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Figure 1. Determination of purity and molecular masses of Pst2p and apo-Pst2p
using SDS-Page and analytical size exclusion chromatography. (A) Determination of
purity and subunit molecular masses of Pst2p and apo-Pst2p by SDS-Page after
purification by Ni-NTA-sepharose. Lane 1, PageRuler™ prestained protein ladder
(10-180 kDa); lane 2, protein extract before induction; lane 3, protein extract after
induction of Pst2p; lane 4, protein fraction after purification by Ni-NTA-sepharose;
lane 5, protein fraction after apo-protein preparation. The subunit molecular mass of
Pst2p was estimated to 22 kDa.
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(B) Determination of native molecular mass of Pst2p (black, continuous line 280 nm
and dotted line 450 nm) and apo-Pst2p (dashed line) using analytical size exclusion
chromatography. The elution profile of Pst2p indicates that the protein lost most of
the FMN cofactor during chromatography. The insert shows a plot of the partition
coefficient (K,,) against the logarithm of molecular mass of standard proteins (ferritin,
440 kDa; aldolase, 158 kDa; conalbumin, 75 kDa; ovalbumin, 43 kDa; ribonuclease
A, 13.7 kDa). The calculated molecular masses of Pst2p (86 kDa, black circle) and
apo-Pst2p (78 kDa, grey circle) indicate that Pst2p is present in a tetrameric form and
that oligomerization is independent of cofactor binding.

The purified protein showed the characteristics of a flavoprotein with two
distinct absorption peaks at 378 and 453 nm with a shoulder at ~469 nm.
Denaturation of the protein resulted in a slight bathochromic shift of the absorption
maxima (Figure 2). Using an extinction coefficient of 12.500 M™* cm™ at 450 nm for
free FMN an extinction coefficient of 10.600 M™* cm™ at 453 nm was calculated for
Pstp2. This extinction coefficient was used to determine the Pst2p concentration in

further experiments.
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Figure 2. Spectra of native and denatured Pst2p. UV-visible absorption spectra of
Pst2p before (solid line) and after denaturation (dashed line). Denaturation of purified
Pst2p was carried out in buffer C (50 mM Hepes, 50 mM NaCl, pH 7.0) containing
0.2% SDS.

During purification we have noticed partial depletion of the cofactor, which is
reflected by an increased absorption ratio at 280/450 nm (>9). However,
reconstitution of apo-Pst2p was achieved by incubation with FMN and subsequent
removal of free FMN by means of a PD10-column leading to an improved 280/453
ratio of 4.5, which is close to the theoretical value of 3. Similar observations were
reported for several FMN-dependent enzymes, such as NAD(P)H:quinone

oxidoreductases [7,11,38 and references therein]. Notably, the formation of tetramers
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found in solution as well as in the crystals (see below) is independent of FMN binding
(Figure 1, panel B). On the other hand, we found that the thermal stability of holo-
Pst2p is clearly higher than that of the apo-Pst2p as the melting temperature of holo-
and apo-Pst2p was determined to 58 and 51 °C, respectively. In addition, apo-Pst2p
is more susceptible to limited proteolysis as shown in Figure 3. Taken together, these
results suggest that FMN binding leads to a structural stabilization of the protomer

but is not relevant for the assembly of the quaternary structure.
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Figure 3. Limited trypsin proteolysis of Pst2p and apo-Pst2p. (A) SDS—Page showing
a time course of trypsin digestion. The migration positions of the molecular weight
marker (M) are indicated to the left of the gel. Lane 1, PageRuler™ prestained
protein ladder (10-180 kDa); lane 2, protein without trypsin; lane 3-9 digestion times
are given in minutes above the gel (ON, overnight). (B) SDS—Page showing trypsin
digestion products of apo-Pst2p. The migration positions of the molecular weight
marker (M) are indicated to the left of the gel. Lane 1, PageRuler™ prestained
protein ladder (10-180 kDa); lane 2, protein without trypsin; lanes 3-10, digestion
times are given in minutes above the gel (ON, overnight).

In order to determine the dissociation constant for the binding of FMN to apo-
Pst2p, we followed the absorption changes occurring upon addition of FMN to the
apo-protein. The obtained changes were fitted to a hyperbolic equation and indicated
a binding ratio of one FMN molecule per subunit of apo-Pst2p with a dissociation
constant of 20 + 1 uM (Figure 4, panel A). Similarly, we used difference titration
experiments to determine the dissociation constants for menadione (MQ),
duroquinone (DQ) and coenzyme Q1 (CoQ1). A representative titration of DQ with
Pst2p is shown in Figure 4, panel B. The dissociation constants obtained for
quinones were in the range of 139 to 226 uM and are summarized in Table 1 (right

column).
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Figure 4. Binding of FMN and quinone substrates to Pst2p. (A) Difference titration of
apo-Pst2p with FMN. 40 uM apo-Pst2p was titrated with FMN (0-90 pM) and
absorption spectra were recorded from 300 to 550 nm. Representative and
normalized spectra are depicted in different shades of grey. The final spectrum is
shown as black dotted line. The inset shows a plot of the absorption change against
the FMN/protein ratio. The data indicate a binding ratio of one FMN molecule per
Pst2p subunit with a dissociation constant of 20 + 1 uM. (B) Difference titration of
Pst2p with DQ. 40 uM Pst2p was titrated with DQ (0—380 pM) and absorption spectra
were recorded from 300 to 600 nm. Representative and normalized spectra are
depicted in different shades of grey. The final spectrum is shown as black dotted line.
The inset shows a plot of the absorption change as a function of DQ concentration. A
hyperbolic fit to the experimental data yielded a dissociation constant of 199 + 12 uM.
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Table 1. Enzymatic activities and dissociation constants with several substrates
determined with purified Pst2p. (n.o., not observed; n.d., not determined;)

SU bstrate KMa kcata kcat/ KMa kred/oxb ch
[uM] [s™] M7-s] M™-s7] [uM]
5 5.810° &
NADH* 67+6 280+8 4.2-10 5 n. o.
4.5-10
3 1.910° +
NADPH* 104+7 279+7 2.7-10 5 n. o.
1.1-10
6 2.710°
MQ** 41+3 2687 6.5-10 2 8105 139 + 14
1,4-BQ** 15+2 1119+46  7.5107 >10°%¢ n. o.
] 7.010°+5.6
DQ** 72+5 38010 6.8:10 \0° 199 + 12
CoQ1** 91+8 331 3.6-10° n. d. 226 + 21

%Steady-state kinetic constants were determined by UV-visible absorption
spectroscopy in the presence of a saturating second substrate (MQ* or NADH**) at
pH 7.0 and 25 °C; PRapid reaction data (keq0x) Were determined with a stopped flow
device at pH 7.0 and 4 °C; “Dissociation constants were determined by UV-visible
absorption difference spectroscopy at pH 7.0 and 25°C; “The reduction of 1,4-BQ
was complete within the dead time of the stopped-flow instrument (~5 ms).

Next, photoreduction of recombinant Pst2p was performed in the presence of
EDTA by exposing the protein to light. Under the experimental conditions, FMN
bound to Pst2p is continuously reduced to the hydroquinone (fully reduced flavin)
(Figure 5).

0.2 1

0,15 - Time (sec)

Absorption

300 400 500 600

Wavelength (nm)

Figure 5. Absorption spectra observed during the anaerobic photoreduction of Pst2p
in buffer C. The solid grey line represents the spectra before light illumination. For the
time course of reduction selected spectra with decreasing absorption are shown in
black, till complete reduction was achieved shown as dashed black line. After re-
oxidation the initial spectra was restored (represented as dashed grey line).
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Furthermore, the redox potential of the FMN cofactor was determined with
the xanthine/xanthine oxidase system in the presence of suitable redox dyes, namely
potassium indigotrisulfonate (Ey = -81 mV) and indigo carmine (Ey = -125 mV). As
shown in Figure 6, a plot of log(Pst2pox/Pst2preq) versus log(dyeox/dyereq) was used to
estimate the redox potential to -89 £ 3 mV [37]. In keeping with the reduction of the
oxidized flavin directly to the hydroquinone observed in our photoreduction
experiment, the slope of the logarithmic plot was close to unity indicating that both
the reference dye and the flavin isoalloxazine ring are taking up two electrons. The
redox potentials of the FMN/FMNH, couple free and bound to Pst2p as well as the
dissociation constant of the oxidized FMN (20 uM) can be used to calculate the Kq of
the reduced flavin by using the thermodynamic relationship shown in Scheme 1
(section 2.17. in Materials & Methods). This yields a K4 of 2 nM for the reduced flavin
and thus reduced FMN binds 10,000 times tighter to Pst2p than oxidized FMN.

£ Wavelength (nm) B log(dye, /dye,,)
350 450 550 650 06 0.8 1 1.2
03 1 1 1 1 0 1 1
S02 ©.02 -
= ]
2 &
20.1 $-04 -
>
N \-- e = N\ _Q
0 St

Figure 6. Redox potential determination of Pst2p in the presence of indigo carmine.
(A) The fully oxidized spectrum is shown as black line the fully reduced spectrum is
shown as dashed black line. Selected spectra of the course of reduction are
represented in different shades of grey. ~20 uyM Pst2p was reduced by the
xanthine/xanthine oxidase system in the presence of indigo carmine over a time
period of 50 min. Data points for evaluation were measured at 461 nm for the protein,
where the dye shows no significant contribution to the absorbance. Data for the dye
indigo carmine were extracted at 609 nm. Redox potential determinations with
potassium indigotrisulfonate were done in a similar manner using values determined
at 485 nm for the protein and 601 nm for the dye. Both dyes allowed estimating the
redox potential to be -89 £ 3 mV. (B) Representation of the data evaluation.

Three dimensional structure of Pst2p
The X-ray crystal structure of Pst2p was determined at 2.8 A resolution (Table 2).
The orthorhombic crystal (space group P2:2:2;) contained eight molecules in the

asymmetric unit forming two tetramers. One of those tetramers is shown in Figure 7.
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The assignment of the oligomeric state was also verified using the PDBePISA server
[39]. This analysis revealed that each tetramer could be viewed as a dimer of dimers
with stronger interactions within the dimers (approximately 1200 A? interaction

surface) as compared to the interaction between dimers (800 A? interaction surface).

Figure 7. Tetrameric arrangement of Pst2p. The oligomeric state can be described
as a dimer of dimers. One dimer is formed by the two green chains shown as surface
model and the second by the two blue chains shown as cartoon model. From the
respective FMN molecules only the density of phosphate could be observed.
Depicted FMN molecules were implemented according to a structural superposition
WrbA (PDB entry: 3B6l). Two views are presented, which are rotated by 90° around
the x-axis. Figures were prepared with the software PyMOL [40].
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Table 2. Data collection and refinement statistics. Values in parentheses are for the

highest-resolution shell.

X-ray source
Wavelength (A)
Temperature
Space group
Cell dimensions

a, b, c (A)
Resolution (A)
Total no. reflections
No. unique reflections
Multiplicity
Completeness (%)
<l/o>
Rmerge (%)
Rmeas (%)
/%m(%)
CCip
ccCr

Reflections used in refinement
Rwork / Rfree
No. atoms

Protein

Ligands
Mean B-factor (A?)

Wilson B-factor (A?)
R.m.s. deviations

Bond lengths (A)

Bond angles (°)
Ramachandran favored (%)
Ramachandran outliers (%)
Rotamer outliers (%)
Clashscore

PDB-entry

ID29, ESRF, Grenoble, France
0.972

100 K

P212424

69.41, 110.56, 223.81
46.17-2.79 (2.89-2.79)
208347 (19109)
43021 (4074)

4.8 (4.7)

98.1 (94.5)

10.2 (1.8)

10.4 (83.4)

11.7 (93.5)

5.3 (40.9)

0.998 (0.663)

0.999 (0.893)

43020 (4074)
0.2533 / 0.2855
11840

11800

40

82.1

66.9

0.003
0.58
99.0
0.0
1.02
7.73

5MP4
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The Pst2p protomer belongs to the flavodoxin-like fold family (CATH:
3.40.50.360) and exhibits the typical flavodoxin-fold consisting of five parallel [3-
strands forming a twisted B-sheet surrounded by a-helices with three additional loop
regions. The chains in the asymmetric unit are very similar to each other with root-
mean-square-deviations (rmsd) between 0.3 A and 0.4 A for all pairwise Ca-atom
superpositions calculated using the program PyMOL [40].

Although the solution of Pst2p used for crystallization as well as the crystals
themselves were yellow, no clear electron density for the bound FMN was observed
in the present structure, indicating either a lower occupancy or high flexibility of the
cofactor. Residual density in the predicted FMN binding site was interpreted as
phosphate in all chains. These phosphate ions are bound in the same location as the
phosphate group of FMN bound in WrbA from E. coli [29] which was used as the
search structure for molecular replacement and shares 44% sequence identity with
Pst2p. A structural superposition of protomers of Pst2p and WrbA yielded a Ca-rmsd
of 0.9 A underlining the close structural similarity of the two proteins (Figure 8, panel
A). The structure of the complex of Pst2p with FMN modelled based on the
comparison with WrbA revealed that each of the four cofactor binding sites is
composed of residues from three protomers of the tetramer (Figure 8, panel B). WrbA
is a dimeric/tetrameric, FMN-dependent flavoprotein originally described as a
tryptophan repressor-binding protein promoting complex formation between the
repressor and DNA. Sequence comparisons, however, showed homology to certain
NAD(P)H:quinone oxidoreductase [41]. The close structural similarity of Pst2p and
WrbA as well as the conservation of amino acid residues in the active site (Figure 8,
panel C) suggest that Pst2p may also catalyze the reduction of quinones as
previously reported for WrbA [29].
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His-133
& &

Phe-80

Thr-78
Arg-79

Figure 8. Overall structural similarity of WrbA with Pst2p. (A) Structural superposition
of WrbA (grey, PDB code: 3B6l) and Pst2p (green). (B) Surface representation of
Pst2p showing that residues from three protomers combine to create the active-site
pocket. (C) Close-up view of the FMN binding site. Residues close to the FMN
isoalloxazine ring are shown as grey sticks (WrbA) or in colors corresponding to the
respective protomer (Pst2p). Figures were prepared with the software PyMOL
(http://mwww.pymol.org/).

Characterization of the catalytic properties of Pst2p

To evaluate the enzymatic activity of Pst2p, assays were performed with NADH or
NADPH as electron donor and several quinones were tested as electron acceptors.
In all cases saturation kinetics were observed that were fitted to a single-phase
hyperbolic equation (Figure 9). The extracted kinetic constants are given in Table 1.
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Figure 9. Steady state kinetics of Pst2p. Initial-velocity kinetic measurements were
performed in triplicate with NAD(P)H, 1,4 BQ, MQ, DQ and coenzyme Q1 by
following the oxidation of NAD(P)H at 380 nm. Reaction mixtures were setup in 50
mM Hepes pH 7, 50 mM NacCl, 2% (v/v) EtOH. Substrates were variated as follows:
(A) NADH (30-500 pM) and (B) NADPH (30-500 upM) at a saturating MQ
concentration (200 pM); (C) 1,4-BQ (5-155 uM), (D) MQ (20-235 uM), (E) DQ (12-
317 uM) or (F) Q1 (30-500) at a saturating NADH concentration (350 uM).

The kinetic mechanism follows a ping-pong bi—bi reaction scheme (Figure 10, panel

A) as it is the case for several other quinone reductases [2 and references therein].

Beside quinones, also FMN and different azo dyes, namely methyl orange, ethyl red

85



Flavodoxin-like proteins and interacting proteins from Saccharomyces cerevisiae

and Sudan Black were tested as substrates, but no significant activity with Pst2p was

observed.

0,011 4
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Figure 10. Determination of the kinetic mechanism of Pst2p. Rate of NADH oxidation
as a function of MQ concentration. Double reciprocal plot of initial rates versus
concentrations of NADH (30-350 um) were NADH oxidation was determined at 380
nm at 25 °C in buffer C (50 mM Hepes, 50 mM NaCl, pH 7.0) at various
concentrations of MQ (20 pM e, 30 uM A, 40 uM m, 60 uM ¢, 80 uM o, 160 UM o,
and 200 uM «). The parallel lines in the double-reciprocal plot indicate a ping-pong
bi—bi mechanism, with inhibitory effects at high MQ and low NADH levels.

To analyze the kinetic half reactions, Pst2p was mixed in a stopped-flow
instrument at 4 °C with NAD(P)H, 1,4-BQ, DQ or MQ under anoxic conditions. For
the reductive half reaction, concentrations of 25-250 pM of NADPH or NADH were
used and FMN reduction was monitored at 453 nm. Bimolecular rate constants of 5.8
x 10° £ 4.5 x 10° M™"-s™ for NADH and 1.9 x 10° + 1.1 x 10° M™*.s™* for NADPH were
determined (Table 1). In accordance with the calculated catalytic efficiency (Kca/Kwm)
obtained from steady state experiments NADH appears to be a marginally better
reductant compared to NADPH. In order to investigate the oxidative half reaction,
Pst2p was first reduced by the addition of 0.9 equivalents of NADH and then mixed
with 1,4-BQ (25 pM), MQ (25-100 uM) and DQ (34-910 pM). The oxidation of the
reduced FMN cofactor was monitored at 453 nm. Bimolecular rate constants of 2.7 x
10° + 7.8 x 10° Mt.s for MQ and 7.0 x 10° + 5.6 x 10° M1.s™* for DQ were
determined (Table 1). The reduction of 1,4-BQ was complete within the dead time of

the stopped-flow instrument (~5 ms).
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Examination of quinone sensitivity using PST2 knock out and overexpressing strains

The efficient reduction of quinones by Pst2p prompted the question whether it plays a
role in the detoxification of quinones in vivo. In order to investigate this potential
function of Pst2p, yeast cells in the logarithmic growth phase were exposed to
various concentrations of 1,4-BQ (50-250 uM), DQ (25-150 puM) and MQ (25-150 uM)
under aerobic conditions on solid cultures (for details see Experimental Procedures).
In the case of 1,4-BQ, yeast cells lacking PST2 showed higher sensitivity whereas
PST2 overexpressing strains showed increased resistance (Figure 11, rows 2 and 3).
Interestingly, the opposite result was obtained for DQ. In this case the PST2 knock
out strain is more resistant while the PST2 overexpression strain shows a higher
sensitivity compared to the wild type strain (Figure 11, rows 7-9). As shown before by
North et al. [42] the PST2 knock out strain shows also a higher sensitivity against
hydroguinone compared to the wild type strain (Figure 11, rows 4-6). In contrast to
1,4-BQ and DQ, no growth differences were observed when MQ was employed as a

quinone (Figure 11, rows 10-12).

wild type PST2 knock out PST2 overexpression

e 009 :000 070000

Figure 11. Spot assay on solid medium containing various quinones. Serial dilutions
(10-fold) of yeast suspensions in logarithmic growth phase were spotted on SG-Ura
containing various concentrations of 1,4-BQ, HQ, DQ or MQ solved in EtOH (2% end
concentration). Negative controls (NC) including the solvent but no quinone were
performed. Cells were grown for 2-3 days at 30 °C and photographs of the plates are
shown.
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Discussion

In this study we have demonstrated the expression of PST2 from S. cerevisiae in E.
coli and the purification and characterization of Pst2p, which turns out to be another
member of the NAD(P)H-dependent quinone reductase family. Structure analysis
revealed that Pst2p adopts the flavodoxin-like fold that is characteristic for the
NAD(P)H-dependent FMN reductase family. Members of this family have an a/p
subunit in addition to the a/f twisted open sheet fold that is characteristic for
flavodoxins. Like other members of this family, namely YhdA from Bacillus subtilis
[43], Azol from Staphylococcus aureus [44] and WrbA from E. coli [9], Pst2p is able
to form stable tetramers in solution. However, in contrast to the mentioned proteins,
tetramerization of Pst2p is independent of flavin binding since removal of the FMN
cofactor does not affect the quaternary structure.

It is noteworthy that the redox potential of Pst2p is much more positive than
that of free flavin (-89 * 3 vs. -208 mV) and also significantly more positive than that
for homologous enzymes like NQO1 (-159 mV) [46] or Lot6p (-172 mV) [38]. The
redox potential of WrbA was not determined with accuracy because the dynamic
equilibrium of the dimeric and tetrameric state of the protein appears to impede the
measurements [7]. Clearly, the more positive redox potential indicates that reduced
FMN binds much tighter than the oxidized cofactor. In fact, the dissociation constant
of reduced FMN was calculated to 2 nM and is thus 10.000-fold more tightly bound
than oxidized FMN (ca. 20 pM) (Scheme 1). On the other hand, this also explains
why reduced Pst2p lacks FMN reductase activity since this reaction is
thermodynamically very unfavorable due to the redox potential difference to the free
FMNox/FMNeg couple. This activity is clearly present in other members of the
flavodoxin-like family such as Lot6p [38]. Another enzymatic activity, which was found
with Lot6p but not with Pst2p is the capability to couple oxidation of NAD(P)H to the
reduction of azo dyes [47]. As discussed by Ryan et al. [18], differences in the redox
potential of various substrates can be partly responsible for the activity variations
within the flavodoxin-like superfamily. The quinones investigated in this study cover a
range of E*’ = 286 mV for 1,4-BQ [48] (best substrate) to E®’ = -13 mV for MQ [49] for
which the enzymatic efficiency is an order of magnitude lower. However, the poorest
substrate for Pst2p was CoQ1 (CoQ10 E® = 100 mV, [48]). In this case the low

efficiency may be due to the bulky hydrophobic side chain that may interfere with
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binding of the quinone to the active site. The redox potential of the azo dye methyl
orange is also rather low (67 mV at pH 3 [50]), which may also contribute to the lack
of activity. Recently, a study reporting the identification of novel azo reductases in
Pseudomonas aeruginosa mentioned the importance of two structural differences
between the classical azo reductase PaAzoR1 and PaWrbA. PaWrbA lacks a (-
hairpin that is important for substrate specificity in PaAzoR1. In addition, a tyrosine
residue in the active site was replaced by arginine [11]. In the case of Pst2p, the
structural features more closely resemble those in PaWrbA and are thus in
agreement with the lack of an azo reductase activity. On the other hand, Lot6p
features a similar active site as PaAzoR1 (i.e. tyrosine rather than arginine) at the
corresponding position. However, the B-hairpin structure is missing in Lot6p. Thus it
appears that the active site composition is more relevant for azo reductase activity
than the presence of the B-hairpin.

Several enzymes from S. cerevisiae have been shown to catalyze the two-
electron reduction of quinones, such as the flavin-dependent enzymes Lot6p [38] and
Ycp4p [42] and the flavin-independent enzyme Ztal [51]. In the present study, we
have shown that Pst2p is a very efficient NAD(P)H:quinone oxidoreductase rapidly
reducing quinones such as 1,4-BQ, MQ, DQ and CoQ;. Not surprisingly, deletion of
PST2 or its overexpression revealed significant effects with regard to the sensitivity
against quinones in comparison to the wild-type strain (Figure 11). In the case of 1,4-
BQ and HQ the PST2 knock-out strain was more susceptible whereas the PST2
overexpressing strain showed increased resistance. Interestingly, the inverse
behavior was seen with DQ (compare rows 2-6 and 7-9 in Figure 11). This finding
can be rationalized by the higher rate of auto-oxidation of DQ due to additional
methyl groups present in comparison to 1,4-BQ. The increased rate of auto-oxidation
causes extensive redox cycling and leads to the generation of semiquinones and
reactive oxygen species [48,49]. Thus, the expression of PST2 enhances the toxicity
of DQ. Similar observations were reported for naphtoquinones [52-54]. It remains to
be seen whether other electron acceptors exist and, if so, to define their biochemical

roles in the yeast.
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Supplementary Figure 1. Course of reduction of indigo carmine and
indigotrisulfonate. (A) Reduction of indigo carmine by the xanthine/xanthine oxidase
system over a time period of ~ 13 min. The dye shows a maximum absorption at 609
nm and an isosbestic point at 461 nm. (B) Reduction of indigotrisulfonate by the
xanthine/xanthine oxidase system over a time period of ~ 10 min. The dye shows a
maximum absorption at 601 nm and an isosbestic point at 485 nm.
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Supplementary Figure 2. Redox potential determination of Pst2p in the presence of
indigotrisulfonate. (A) Selected spectra of the course of reduction. ~20 uM Pst2p was
reduced by the xanthine/xanthine oxidase system in the presence of
indigotrisulfonate over a time period of 65 min. Data points for evaluation were
measured at 485 nm for the protein, where the dye shows no significant contribution
to the absorbance. Data for the dye indigotrisulfonate were extracted at 601 nm.
Redox potential determinations with potassium indigo carmine were done in a similar
manner using values determined at 461 nm for the protein and 609 nm for the dye.
Both dyes allowed estimating the redox potential to be -89 + 3. (B) Representation of
the data evaluation.
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Supplementary Figure 3. Presteady-state kinetics of Pst2p to determine reductive
Rates. (A) Reductive rates were determined for NADH (blue) and NADPH (green). At
least three independent measurements were performed; error bars are shown as
standard deviations. (B) Absorption change at 453 nm of the anoxic reduction of 25
MM Pst2p with 50 uM NADH. (C) Absorption change at 453 nm of the anoxic
reduction of 25 pM Pst2 with 50 uM NADPH.
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Supplementary Figure 4. Presteady-state kinetics of Pst2p to determine oxidative
Rates. (A) Oxidative rates were determined for DQ (blue) and MQ (green). At least
three independent measurements were performed; error bars are shown as standard
deviations. (B) Absorption change at 453 nm of the anoxic oxidation of 20 uM Pst2p
with 63 uM DQ. (C) Absorption change at 453 nm of the anoxic reduction of 25 uM
Pst2p with 50 uM MQ.
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Supplementary Figure 5. Binding of MQ and CoQ1 to Pst2p. (A) Difference titration
of Pst2p with MQ. 40 uM Pst2p was titrated with MQ (0—100 uM) and absorption
spectra were recorded from 300 to 600 nm using a UV/Vis spectrophotometer.
Representative and normalized spectra are depicted in different shades of blue.The
final spectrum is shown as black dotted line. The inset shows a plot of the absorption
change the absorption change as a function of MQ concentration. A hyperbolic fit to
the experimental data yielded a dissociation constant of 139 + 14 uM. (B) Difference
titration of Pst2p with Coenzyme Q1. 40 uM Pst2p was titrated with DQ (0-387 pM)
and absorption spectra were recorded from 300 to 600 nm using a UV/Vis
spectrophotometer. Representative and normalized spectra are depicted in different
shades of green. The final spectrum is shown as black dotted line. The inset shows a
plot of the absorption change the absorption change as a function of Coenzyme Q1

concentration. A hyperbolic fit to the experimental data yielded a dissociation
constant of 226 + 21 uM
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Abbreviations

DTT, dithiothreitol; E. coli, Escherichia coli; EtOH, ethanol; EDTA,
ethylenediaminetetraacetic acid; HF, high-fidelity; MQ, menadione; Ni-NTA-
sepharose; nickel-nitrilotriacetic acid-sepharose; OE-PCR, overlap extension
polymerase chain reaction; Pst2, protoplasts-secreted 2; Rfsl, Rad55 suppressor 1;
S. cerevisiae, Saccharomyces cerevisiae; TEV, Tobacco etch virus; WrbA,

tryptophan (W) repressor-binding protein; Ycp4, yeast chromosomal protein 4;

Materials and Methods

Materials

All chemicals, reagents and enzymes were of highest quality and were from Sigma-
Aldrich (St. Louis, USA), Roth (Karslruhe, Germany) or Thermo Fisher Scientific
(Waltham, USA), unless otherwise noted. Columns for affinity chromatography (Ni-
NTA-sepharose; nickel-nitrilotriacetic acid), size exclusion chromatography
(Superdex 200 10/300 GL) and buffer exchange (PD-10 desalting column) were from
GE Healthcare (Little Chalfont, UK). E. coli strains Top10 and Rosetta'(DE3) were
from Invitrogen (Carlsbad, USA) and Merck (Darmstadt, Germany), respectively. The
plasmids pET2la(+) and pET28a(+) were obtained from Merck (Darmstadt,
Germany). The concentrations of the following compounds were determined
spectrophotometrically using molar extinction coefficients: NAD(P)H (g340 = 6.220 M™
cm™), MQ dissolved in EtOH (e33s = 2.450 M™ cm™) [1] and FMN (g450 = 12.500 M™
cm™) [2]

Cloning of RFS1 and YCP4 for expression in E. coli with His-tag or solubility
enhancing proteins

All strains were generated using standard genetic techniques [3,4]. Briefly, genomic
DNA from Saccharomyces cerevisiae (S. cerevisiae) was extracted with yeast DNA
extraction kit from VWR (Radnor, USA). According to the sequence for RFS1 and
YCP4 from the Saccharomyces genome database [5] primers including respective
restriction sites for cloning were designed (Table 1) and synthesized from VBC
(Vienna, Austria). Vectors containing sequences for respective 6xHis-tagged fusion
proteins (ZTZ, ZZ, DsbC, Gst, Trx, M11, GB1, DsbA, MBP or NusA) were kindly
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provided by Dr. Andreas Winkler. To include the sequence for YCP4 or RFS1 the
restriction enzymes Ncol and Notl were used. Since both genes contain the target
sequence for Ncol the respective sequence was mutated by overlap-extension PCR
(OE-PCR) without changing the amino acid sequence. Corresponding primers are
listed in Table 1.

Table 1. List of primers used in this study.

Constructs with C-terminal 6xHis-tag (vector: pET21a)

YCP4_FW 5-GAGACATATGGTAAAGATAATTAC-3

YCP4_REV 5-CGTCTCGAGCATGACAGTACAGCAGGATAA-3
RFS1_FW 5-GAGCCATATGCCGAAAGTCGCTATTTTGAT-3
RFS1_REV 5-CGTCTCGAGCAAATCTTTGATACGGTCGTAAAAGGC-3’

Constructs with N-terminal 6xHis-tag (vector: pET28a)

YCP4_FW 5-GAGACATATGGTAAAGATAATTAC-3

YCP4_REV 5-CGTCTCGAGTTACATGACAGTACAGCAGGA-5

RFS1_FW 5-GAGCCATATGCCGAAAGTCGCTATTTTGAT-3

RFS1_REV 5-CGTCTCGAGTTACAAATCTTTGATACGGTCGTAAAAGGC-3

Fusion constructs

YCP4_FW 5-GAGCCCATGGGTGTAAAGATTGCGATAATTACTTACTCTACC-3
YCP4_overlap_FW | 5-CTCTCCTTGGGGTGCTG-3'

YCP4_overlap_REV | 5-CAGCACCCCAAGGAGAG-3'

YCP4_REV 5-GCTGCGGCCGCTTACATGACAGTACAGCAGGATAATAATC-3

RFS1_FW 5-GAGCCCATGGGTCGAAAGTCGCTATTTTGATTTATTCAG-3’
RFS1_overlap_FW | 8-GTTCTCTCCACGGCAAAATTG-3

RFS1_overlap_REV | 5-GCTGCGGCCGCTTAGAATCTTT-3’

RFS1_REV 5-GCTGCGGCCGCTTACAAATCTTTGATACGGTCGTAAAAGG -3’

In the first step of the OE-PCR the fragments, which should be further assembled to
fusion constructs, were amplified separately using primers with overlapping
extensions. A 50 uL reaction mixture contained 0.2 mM dNTPs, 1x high-fidelity (HF)
buffer, 1 U HF-Phusion DNA polymerase, 10 pmol of forward and reverse primer and
100 ng of template DNA. The following program was used for the initial PCR: 30 sec
at 98 °C, 35 cycles with 7.5 sec at 98 °C, 20 sec at 57 °C and 20 sec at 72 °C
followed by a final extension step of 7 min at 72 °C. PCR products were purified from
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agarose gels and consequently subjected to the second step of OE-PCR, where the
two fragments were linked in a primerless amplification reaction via the overlapping
linker region. A 50 L reaction mixture consisted of 0.2 mM dNTPs, 1x HF buffer, 1 U
HF-Phusion DNA polymerase and the products of the first step in an equimolar range
(1-10 ng of the largest fragment). In principle the same program was used as for the
initial PCR with a reduced number of cycles (20). In the final step of the OE-PCR the
assembled sequences were amplified by the addition of the two terminal primers by
pipetting another reaction mixture directly to the PCR reaction mixture from the
second step. 20 pL of this mixture contained 1x HF buffer, 0.2 mM dNTPs, 1 U HF-
Phusion DNA polymerase, and 10 pmol forward and reverse primer. The following
program was used for the final step: initial denaturation for 30 sec at 98 °C, 35 cycles
of 20 sec at 98 °C, 20 sec at 57 °C, and 20 sec at 72 °C, followed by a final extension
step of 7 min at 72 °C. The PCR products were purified from agarose gels and
cloned into the respective fusion protein vectors. Individual clones were sequenced

before transforming the plasmid into Escherichia coli (E. coli) Rosetta™(DE3) cells.

Expression and purification of TEV protease (protease from Tobacco etch virus)
The vector encoding TEV protease was kindly provided by Dr. Klaus Zangger and
was transformed into E. coli BL21(DES3). A single colony was used to inoculate a pre-
culture that was aerobically incubated (37 °C, 16 h, 150 rpm) in lysogeny broth
(bacto-tryptone 10 g/L, bacto-yeast extract 5 g/L' NaCl 5 g/L) supplemented with 100
pg/mL  ampicillin. 1% pre-culture was used to inoculate the main-culture
supplemented with 100 pg/mL ampicillin, which was incubated aerobically at 37 °C
with agitation at 150 rpm until an ODgyo of ~0,6 was reached. Expression of TEV
protease was induced by addition of 0.5 mM isopropyl-thio-p-d-galactoside. The
culture was further incubated for 16 h at 20 °C. Cells were harvested by
centrifugation at 4.500 x g at 4 °C and washed once with 1% saline solution.

Cell pellets were resuspended in 4 mL/1g pellet buffer A [50 mM Tris/HCI, 150
mM NacCl, 2 mM DTT (dithiothreitol), pH 8.0] supplemented with 10 mM imidazole, 1
mM phenylmethylsulfonyl fluoride solved in dimethylsulfoxide, 1 mg/mL lysozyme and
further 1 pL of protease inhibitor cocktail for use in the purification of histidine-tagged
proteins from Sigma-Aldrich (St. Louis, USA) was added per g of cell pellet. Cell
disruption was achieved by sonication with a Labsonic L instrument from Braun

Biotech. International (Berlin, Germany) with 120 Watt for 3 x 3 min in an ice-water
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bath with 3 min pauses between each cycle. The cell lysate was centrifuged at
38.850 x g for 45 min at 4 °C, and the supernatant was loaded onto a 5-mL HisTrap
HP column previously equilibrated with buffer A supplemented with 10 mM imidazole.
The column was washed with buffer A supplemented with 10 mM imidazole and 1 M
NaCl, then washed with buffer A supplemented with 20 mM imidazole and
subsequently proteins were eluted with buffer A supplemented with 330 mM
imidazole and 10% glycerol. Fractions containing target protein were pooled and
concentrated with centrifugal filter units (Amicon Ultra-15, 10 k; Millipore, Billerica,
MA, USA). Concentrated protein was re-buffered to buffer B 50 mM Hepes, pH 7.0
supplemented with 5 mM DTT, 10% glycerol, with a PD-10 desalting column. The

protein solutions were shock frozen and stored at —80 °C, if not used immediately.

Expression and purification of Rfslp and Ycp4p fusion proteins
A single colony E. coli Rosetta™(DE3) cells containing the respective vector was
used to inoculate a pre-culture that was aerobically incubated (37 °C, 16 h, 150 rpm)
in lysogeny broth (bacto-tryptone 10 g/L, bacto-yeast extract 5 g/L' NaCl 5 g/L)
supplemented with 100 pg/mL ampicillin. 1% pre-culture was used to inoculate the
main-culture supplemented with 100 pg/mL ampicillin, which was incubated
aerobically at 37 °C with agitation at 150 rpm until an ODggo of ~0,6 was reached.
Expression of TEV protease was induced by addition of 0.5 mM isopropyl-thio-3-d-
galactoside. The culture was further incubated for 16 h at 20 °C. Cells were
harvested by centrifugation at 4.500 x g at 4 °C and washed once with 1% saline
solution.

Cell pellets were resuspended in 4 mL/1g pellet buffer C (50 mM Hepes, 150
mM NaCl, pH 7.0) supplemented with 1 mM phenylmethylsulfonyl fluoride solved in
dimethylsulfoxide, 1 mg/mL lysozyme and further 1 uL of protease inhibitor cocktail
for use in the purification of histidine-tagged proteins from Sigma-Aldrich (St. Louis,
USA) was added per g of cell pellet. Cell disruption was achieved by sonication with
a Labsonic L instrument from Braun Biotech. International (Berlin, Germany) with 120
Watt for 3 x 3 min in an ice-water bath with 3 min pauses between each cycle. The
cell lysate was centrifuged at 38.850 x g for 45 min at 4 °C, and the supernatant was
loaded onto a 5-mL HisTrap HP column previously equilibrated with buffer C. The
column was washed with buffer C supplemented with 20 mM imidazole, subsequently

proteins were eluted with buffer C supplemented with 300 mM imidazole. Fractions
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containing target protein were pooled and concentrated with centrifugal filter units
(Amicon Ultra-15, 10 k; Millipore, Billerica, MA, USA). Concentrated protein was re-
buffered to buffer B (50 mM Hepes, pH 7.0) with a PD-10 desalting column. The
protein solutions were shock frozen and stored at —80 °C, if not used immediately.
Separation of the fusion proteins and Ycp4p or Rfslp was achieved by
digestion with a hexahistidine-tagged TEV-protease. The digestion was performed
overnight at 4 °C. The reaction mixture contained 50 mM Hepes, pH 7.0, 0.5 mM
EDTA (ethylenediaminetetraacetic acid), 1 mM DTT and 1 ug TEV protease per 10
pg fusion protein. After digestion the buffer was exchanged using centrifugal filter
units (Amicon Ultra-15, 10 k; Millipore, Billerica, MA, USA) to remove EDTA and the
solution was subsequently loaded onto the Ni-NTA column, where the 6xHis-tagged
TEV protease and fusion protein bound again, while untagged Ycp4p and Rfslp
remained in the flow through. The protein solutions containing target protein were
concentrated with centrifugal filter units (Amicon Ultra-15, 10 k; Millipore, Billerica,

MA, USA) and were shock frozen and stored at —80 °C, if not used immediately.

Determination of molecular masses
Subunit molecular mass of purified proteins was determined by SDS-Page under

reducing conditions with a 12.5% separating gel and 5% stacking gel described by
Laemmli [6]. The used protein molecular mass marker was the PageRuler™
prestained protein ladder (10-180 kDa) from Thermo Fisher Scientific (Waltham,
USA).

To determine native molecular masses size exclusion chromatography with
buffer A using a Superdex 200 10/300 GL column attached to an Aktapurifier™
system from GE Healthcare (Little Chalfont, UK) was performed. Protein elution was
monitored at 280 nm and 450 nm wavelength. The column was calibrated with

molecular mass standards according to the instructions from GE Healthcare.

Methods using UV-visible absorption spectroscopy
Absorption spectra were recorded with a Specord 200 plus spectrophotometer from
Analytik Jena (Jena, Germany) at 25 °C using 1-cm quartz cuvettes.

The activity of 10 pg Ycp4p in the presence of NAD(P)H, FMN and MQ was

tested under different conditions. NAD(P)H consumption was monitored at 390 nm.
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Limited proteolysis
Ycp4p in buffer C was subjected to limited proteolysis at 37 °C by the addition of
trypsin from Promega (Wisconsin, USA) to a final concentration of 2 ug-mL™. The
reaction was stopped by adding SDS sample buffer to aliquots of the reaction mixture
and immediately boiling at 95 °C for 10 min. The samples were analysed using
12.5% SDS-Page.

Sequence alignment

Sequence alignments of Pst2p, Rfslp and Ycp4p with the FMN-dependent NQO
WTrbA from E. coli were performed with the program Clustal Omega [7] Sequences for
the yeast proteins were obtained from the Saccharomyces genome database [5]. The

sequence from WrbA was obtained from the UniProt database [8].

Results

Trials to express and purify Ycp4p and Rfs1lp with C-or N-terminal 6x-Histag resulted
in either almost no soluble protein or in a protein solution with a very low purity.
Therefor expression and purification of the proteins in combination with N-terminal
6xHis-tagged solubility enhancing fusion proteins, namely ZTZ, ZZ, DsbC, Gst, Trx,
M11, GB1, DsbA, MBP and NusA was performed. In the case of Rfslp only MBP and
NusA fusion resulted in a stable fusion protein. Nevertheless all processing steps
lead to significant loss of protein, which made it impossible to go on with the studies
on this protein. Furthermore there was no cofactor detected at all steps (Figure 1).
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Figure 1. Rfs1p solubility and purification trials. (A) Expression and purification of C-
terminal 6xHis-tagged Rfslp. Lane M, PageRuler™ prestained protein ladder (10-
180 kDa), lane 1, protein extract before induction; lane 2 protein extract after
induction of Rfslp; lane 3, unsoluble fraction; lane 4, soluble fraction; lane 5, protein
fraction after purification by Ni-NTA-sepharose. The subunit molecular mass of Rfs1p
was estimated to be ~30 kDa. (B) Expression and purification of Rfslp in
combination with 6xHis-tagged fusion proteins, namely Disulfide bond formation
protein A (DsbA) and N-utilization substance protein A (NusA). Lane M, PageRuler™
prestained protein ladder (10-180 kDa); lane 1, protein extract before induction; lane
2 protein extract after induction of Rfslp-DsbA; lane 3, soluble fraction; lane 4,
unsoluble fraction; lane 5, protein extract before induction; lane 6, protein extract
after induction of Rfs1p-NusA; lane 7, soluble fraction; lane 8, unsoluble fraction (C)
Lane M, PageRuler™ prestained protein ladder (10-180 kDa); lane 1, elution fraction
Rfslp-NusA; lane 2, soluble Rfslp-NusA sample after buffer exchange via PD10
column; lane 3, precipitated sample eluted from PD10 column.

In the case of Ycp4p all fusion proteins increased the expression levels in
comparison to simple His-tagged Ycp4p (Figure 2). Also the purification of Ycp4p-
MBP was possible and furthermore also the separation of the two proteins by
incubation with TEV protease overnight at 4 °C and removal of the His-tagged fusion
protein and the His-tagged TEV protease by another Ni-NTA purification step were

successful.
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Figure 2. Ycp4p solubility and purification trials. (A) Expression and purification of C-
terminal 6xHis-tagged Ycp4p. Lane 1, protein extract before induction; lane 2 protein
extract after induction of YCP4; lane 3, unsoluble fraction; lane 4, soluble fraction;
lane 5, protein fraction after purification by Ni-NTA-sepharose; lane 6, precipitated
protein after concentration; lane M, PageRuler™ prestained protein ladder (10-180
kDa). The subunit molecular mass of Ycp4p was estimated to be ~35 kDa. (B)
Expression and purification of Ycp4p in combination with a 6xHis-tagged fusion
protein, namely maltose binding protein (MBP). Lane M, PageRuler™ prestained
protein ladder (10-180 kDa); lane 1, protein extract before induction; lane 2 protein
extract after induction of Ycp4p; lane 3, soluble fraction; lane 4, unsoluble fraction.
(C) Separation of MBP and Ycp4p by digestion with a hexahistidine-tagged TEV-
protease followed by another Ni-NTA purification step. Lane M, PageRuler™
prestained protein ladder (10-180 kDa); lane 1, Ycp4p-MBP uncuted; lane 2, Ycp4p-
MBP after digestion with TEV protease at 4 °C overnight; lane 3, flow through of the
second Ni-NTA purification step. No cofactor was observed during the purification
process.

Analytical size exclusion chromatography indicated a size of ~175 kDa for Ycp4p,
which means either that Ycp4p is present as pentamer or hexamer or it forms soluble

aggregates (Figure 3).
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Figure 3. Determination of native molecular mass of Ycp4p (black, continuous line
280 nm and dashed line 450 nm) using analytical size exclusion chromatography.
The elution profile of Ycp4p indicates that the protein lost the cofactor completely
during passing the column. The insert shows a plot of the partition coefficient (Kay)
against the logarithm of molecular mass of standard proteins (ferritin, 440 kDa;
aldolase, 158 kDa; conalbumin, 75 kDa; ovalbumin, 43 kDa; ribonuclease A, 13.7
kDa). The calculated molecular mass of Ycp4p (~ 175 kDa, red circle) indicates that
Ycp4p is present in a pentameric or hexameric form or forms soluble aggregates.

However, no cofactor was observed during the purification process. Trials to saturate
Ycp4p afterwards with FMN and clarification of the sample from residual FMN with
PD10-column were unsatisfactory (280/450 ~ 15-20; Value for Pst2p ~ 4.5). A
spectral analysis of Ycp4p further indicates that no cofactor is bound to the protein,

since the spectra of native and denatured sample look almost identical (Figure 4).
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300 375 450 525
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Figure 4. UV-visible absorbance spectra of Ycp4p before (solid line) and after
denaturation (dashed line). Denaturation of purified Ycp4p was carried out in buffer C
(50 mM Hepes, 50 mM NaCl, pH 7.0) containing 0.2 % SDS.
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Nevertheless it could be demonstrated that Ycp4p has some FMN- and quinone

reductase activity if the reaction mixture is supplementated with FMN (Figure 5).
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Figure 5. Activity of 10 pug Ycp4dp with NADH (blue) or NADPH (black) was tested
under different conditions. NAD(P)H consumption was monitored at 390 nm. A, 300
UM NAD(P)H, 200 uM MQ; B, 300 uM NAD(P)H, 100 uM FMN; C, 300 pM NAD(P)H,
100 uM FMN, 200 pM MQ; The results indicate that free FMN can directly be
reduced by Ycp4 (B) but enhances also the efficiency if other substrates are
converted (compare A and C).

A possible explanation for the unsatisfactory results with Ycp4p could be that the
prolonged C-terminal part of Ycp4p destabilizes the whole protein. In order to
investigate if this could be the case, limited proteolysis with trypsin at 37 °C with
Ycp4p was performed, which revealed that one part of Ycp4p was digested within 20
min. The remaining fragment with a size of ~20 kDa showed a high stability and
could still be observed after overnight digestion (Figure 6). The results indicate that
indeed the prolonged C-terminal part can lead to an overall destabilization of Ycp4p.
Further experiments would be necessary, as complete in-gel tryptic digestion of the
protein bands from the limited proteolysis experiment with a subsequent peptide
mass fingerprinting by MALDI-TOF MS to verify the identity of the C-terminus and the

N-terminus followed by expression of truncated versions of Ycp4p.
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Figure 6. Limited proteolysis of Ycp4p with trypsin. SDS-Page showing trypsin
digestion products of Ycp4p. The migration positions of the molecular weight marker
(M) are indicated to the left of the gel. Lane 1, PageRuler™ prestained protein ladder
(10-180 kDa); lane 2, protein suspension without trypsin; lane 3-9 digestion times are
given in minutes above the gel (ON — overnight).

Discussion

During our studies we could demonstrate that PST2 from S. cerevisiae can be
heterologously expressed and the produced protein purified from E. coli. Similar
expression experiments with RFS1 and YCP4 from S. cerevisiae were unsuccessful.
Sequence alignments of WrbA from E. coli with Pst2p, Rfslp and Ycp4p displayed a
high homology of the proteins from 34-45%. Major differences are only present in
form of an extension within a loop region in the case of Rfslp and a C-terminal
extension in the case of Ycp4p (Figure 7). Parameters computed with the program
ProtParam (http://www.expasy.org/tools/protparam.html) revealed that within this 50
residues a high content of basic residues is present (22,2%) resulting in a really high
pl of this segment of around 9.35. Further a palmitoylation site can be predicted at
C243 (C244) with CSS-Palm [9]. Therefore it is very likely that this whole region is
involved in membrane binding which was further reported from previous studies [10-
12], but it is also possible that this segment led to solubility problems during
expression and purification. Nevertheless only minor changes within the residues
close to the redox-active isoalloxazine ring system were observed with the aligned
proteins. Replacements were observed at R79K, T116l in the case of Rfslp and at
T116S in the case of Ycp4p. Therefore we suggest that all three proteins within S.

cerevisiae show a similar activity.
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Figure 7. Sequence alignment of WrbA from E. coli with Pst2p, Rfslp and Ycp4p
from S. cerevisiae. Sequences were obtained from the Saccharomyces genome
database. The overall sequence homology between WrbA and the yeast proteins is
34% (Rfslp) to 45% (Pst2p and Ycp4p). Highly conserved regions are highlighted in
blue, lower conserved regions are highlighted in green. Residues which are identical
in three out of four proteins are depicted in red. Regions which are significantly
different within the three yeast proteins are highlighted in yellow. Alignments were
made with Clustal Omega.
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bZIP, basic leucine zipper; E. coli, Escherichia coli; GLC, gas liquid chromatography ;
Lot6, low temperature responsive 6; S. cerevisiae, NQO1, NAD(P)H:quinone
oxidoreductase 1; Saccharomyces cerevisiae; SE, sterol esters; TF, SD-ura;
synthetic dextrose media lacking uracil; SG-ura; synthetic galactose media lacking

uracil; transcription factor; TG, triacylglycerols; Yap, yeast activator protein;

Introduction

The genome of the yeast Saccharomyces cerevisiae encodes for ca. 209
transcription factors (TFs) [1]. Transcription factors have the ability to bind short DNA
sequence motifs and thereby affect gene expression in a positive or negative way [2].
Due to specific binding domains most TFs can be subdivided into six main families:
these domains are the zinc cluster (57 proteins), the zinc finger (41 proteins), the
basic leucine zipper (bZIP) (15), the homeodomain (12), the GATA domain (10) and
the basic helix-loop-helix (8) [1]. In yeast it is difficult to define the regulatory network
from specific TFs since most of them are not essential under normal growth
conditions. This can be attributed to the fact that many TFs regulate an overlapping
subset of genes [1]. Furthermore the ability to form heterodimers which confer
different DNA sequence specificities complicate this issue [3].

With 15 members the family of bZIP proteins is the second largest group of
dimerizing TFs within the yeast S. cerevisiae [1]. The uniform bZIP-motif is 60-80
amino acids long with two clusters of basic amino acids at the N-terminal side and an
amphiphatic sequence with a leucine at every seventh position at the C-terminal side.
While the basic region is involved in DNA binding the leucine zipper is responsible for
dimerization of the TF [3]. Within the family most members (8) can be further divided
into the subfamily of yeast activator proteins (Yap) which play a role under various
stress conditions, such as oxidative stress (Yapl/3/4) [4-6], cadmium stress (Yap2)
[7], arsen stress (Yapl/8) [7], osmotic stress (Yap4/6) [8,9] nitrogen depletion
(Yap5/7) [10,11] and DNA damage response (Yapl/2/4/5/6) [12,13]. Further specific
family members are involved in the regulation of iron metabolism (Yap1/5) [7] and cell
cycle (Yap4/6) [14-16]. Despite the similarities within the family members this variety

of functionalities originates from small differences in the DNA binding motif
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(TTAN(X)TAA) [12], the binding pattern (constant or transient binding, rapid or slow
induction) [9], the mode of action [activation (Yapl) or repression of gene expression
or both (Yap2/4/5/6)] [12], activation signals (e.g. phosphorylation of Yap4p [17] or
disulfid bond formation of Yaplp [18]), and regulation of other transcription factors
(Yap4/6) [19].

YAP4 was initially described as chromosome instability mutant (CIN5) [14] and
as transcription factor which is involved in the regulation of gene expression under
osmotic stress (HAL6) [20]. As mentioned above YAP4 expression is upregulated in
several stress and non-stress related processes and the protein gets modified by
phosphorylation under these conditions which increases the stability of the protein
but does not influence its functionality under stress conditions [6,8,21]. Yap4p has a
close homolog Yap6p which has a sequence identity of 20 % and an overlapping
functionality [7]. However, the exact role of these two proteins in the transcriptional
network is mainly unclear. In former studies Yap4p gained attention since evidences
suggested that this largely unstructured protein can be rescued in a redox-dependent
manner from degradation by the 20S proteasome by binding to the NAD(P)H:quinone
reductase Lotép [22]. A process which is also described in humans, were
NAD(P)H:quinone oxidoreductase 1 (NQO1) physically interacts with transcription
factors like p53 or p73 and the 20S proteasome, which prevents the ubiquitin-
independent degradation of these intrinsically disordered proteins. The degradation
of the proteins can occur also in an ubiquitin-dependent process, which is not
influenced by the presence of NQO1 [23].

During former studies in our laboratory Sonja Sollner, Wolf-Dieter Lienhart and
Venugopal Gudipati set out to express and purify Lotép as well as the 20S
proteasome to high purity (data not shown). However, the instability of Yap4p and the
low purity prevented a detailed structural investigation of the proposed mechanism
and interaction of these three proteins. Expression and purification of Yap4p from E.
coli [24] as well as from S. cerevisiae [25] were unsatisfactory. In the present study it
was set out to express Yap4p with a solubility enhancing fusion protein (maltose
binding protein) and in combination with Yap6p to investigate if Yap4p expression
and purification can be improved by these strategies. However, no improvement
could be achieved.

From the expression studies in S. cerevisiae we came to know that strong

overexpression of YAP4 in S. cerevisiae leads to significant changes in the cell cycle
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prior to mitosis and to an accumulation of lipid droplets [25]. This prompted us to
investigate the importance of phosphorylation on the growth behaviour as well as on
stress resistance. The phosphorylation mutants exhibit the same growth defect as the
YAP4 overexpressing strain and were also less sensitive against oxidative stress
compared to the wild type strain. Further the neutral lipid content was analysed to
determine if specific changes occurre if YAP4 is overexpressed. During the
exponential growth phase the content of sterol esters (SE) and triacylglycerols (TG)
was increased, while at the stationary phase only a higher SE content was observed,
whereby all sterol precursors showed elevated levels. Several genes of the
ergosterol biosynthesis pathway contain regulatory elements within their promoter
regions, however, higher mRNA levels in the YAP4 overexpressing strain were only
observed for genes which encode for oxygen-dependent enzymes. Interestingly also
the sterol ester hydrolases YHE1 and YHE2 exhibit higher mRNA levels, which
stands in contrast to the increased content of sterol esters within the overexpressing

strain.

Materials and Methods

Materials

All chemicals were of highest quality and were obtained from Sigma-Aldrich (St.
Louis, USA) or Carl Roth (Karslruhe, Germany), unless otherwise noted. The E. coli
strain Topl0 was purchased from Invitrogen (Carlsbad, USA). The E. coli strains
BL21(DE3) and Rosetta™(DE3) were obtained from Merck (Darmstadt, Germany).
The chaperone plasmid set was obtained from Takara Bio Europe (Saint-Germaine-
en-Laye, France). The S. cerevisiae strains BY4741 (MATa, his3A1, leu2A0,
met15A0, ura3A0) were from Euroscarf (Frankfurt, Germany) and correct depletion
was ensured by colony PCR with GoTag® DNA polymerase from Promega
(Madison, USA). Following plasmids were used: pMAL-c4E from NEB (lpswich,
USA), pET21a(+) and pET28a(+) from Merck (Darmstadt, Germany) and pYES2 from
Invitrogen (Carlsbad, USA). Restriction enzymes, Phusion high-fidelity DNA
polymerase and T4 DNA Ligase were obtained from Thermo Fisher Scientific
(Waltham, USA).
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Molecular cloning

All strains were generated using standard genetic techniques [26—28]. Briefly,
genomic DNA from S. cerevisiae was extracted with yeast DNA extraction kit from
VWR (Radnor, USA). According to the sequence for YAP4 and YAP6 from the
Saccharomyces genome database [29] primers for cloning were designed and
synthesized from VBC (Vienna, Austria): Primers for YAP4-MBP expression (pMAL-
cde) to produce N-terminal MBP-tagged Yap4p: fw_5'-
ATGTTAATGCAAATAAAAATGGACAATC-3’; rev_5-CTTCAAGCTTATTCTTTTAAT

TTCGAC-3’ Primers for YAP6 expression [pET28a(+)] to produce untagged protein:
fw_5-GAGCCCATGGAGATGCAAAACCCTCCGTTGATTCG-3’; rev_5-CCTGCTCG
AGTTACGTGGCACTATCCGAGTGTC-3'. The pET2la(+)YAP4 plasmid was used
from a previous study from Sonja Sollner et al. [22], the primers to express C-terminal
6xHis-tagged Yap4p were fw_5-GGAATTCCATATGTTAATGCAAATAAAAATGGAC
AATC-3; rev._5-CCGCTCGAGTTCTTTTAATTTCGACTTTAATGATTCAATC-3".
Plasmids containing Yap4 and several mutants of it (Yilplac211-YAP4TAP; mutants:
S89A, T192A, T192AS196A, S196A, K242AR243A) were kindly provided from Prof.
Claudina Rodrigues-Pousada. The mutants were sub cloned into the pYES2 vector
using the primers, for expression of N-terminal 9xHis-tagged Yap4p [25]
(fw_5’AGATAAAGCTTATGCACCATCACCACCATCACCATCACCATTTAATGCAAA

TAAAAATGG-3’; 9xHis_Yap4_rev 5-GTGGTGGTGGTGGTGCTCGAGTTATTCTTT

TAATTTCGACTTTAATGATTC-3’). The code for the respective restriction enzymes
was included in the primer sequences. Restriction and blunt end (pMAL-c4E) or
sticky end (pET-vectors and pYES2) ligation were performed according to the
protocols from Thermo Fisher Scientific (Waltham, USA). Individual clones were
sequenced before transforming the plasmids into various expression strains (E. coli

or S. cerevisiae).

Heterologous expression of YAP4 (fusionprotein and co-expression)

A single colony of E. coli BL21(DE3) comprising pET2la(+)YAP4 and
pET28a(+)YAP6 or pMAL-c4E-YAP4 was used to inoculate a pre-culture that was
aerobically incubated (37 °C, 16 h, 150 rpm) in lysogeny broth (bacto-tryptone 10 g/L,
bacto-yeast extract 5 g/L' NaCl 5 g/L) supplemented with 100 pg/mL ampicillin and 50
pg/mL kanamycin (co-expression) or only with 100 pug/mL ampicillin (fusionprotein).

1% ONC was used to inoculate the main-culture supplemented with 100 pg/mL
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ampicillin, which was incubated aerobically at 37 °C with agitation at 150 rpm until an
ODggo of ~0,6 was reached. Expression of the genes was induced by addition of 0.5
mM isopropyl-thio-B-d-galactoside. The culture was further incubated for 16 h at 20
°C. Cells were harvested by centrifugation at 4.500 x g at 4 °C and washed once with

1% saline solution.

Purification of Yap4p (fusionprotein)

Purification was performed as described in the protocol from NEB (Ipswich, USA -
pMAL™ Protein Fusion and Purification System). Cell pellets were resuspended in
4 mL buffer A /g pellet (20 mM Tris-HCI, pH 7.0, 200 mM NaCl, 1 mM EDTA); buffer
was supplemented with 1 mM phenylmethylsulfonyl fluoride solved in
dimethylsulfoxide, and further 1 uL of protease inhibitor cocktail for use in the
purification of histidine-tagged proteins from Sigma-Aldrich (St. Louis, USA) was
added per g of cell pellet. Cell disruption was achieved by sonication with a Labsonic
L instrument from Braun Biotech. International (Berlin, Germany) with 120 Watt for 3
X 3 min in an ice-water bath with 3 min pauses between each cycle. The cell lysate
was centrifuged at 38.850 x g for 45 min at 4 °C, and the supernatant was loaded
onto a 15 ml amylose column previously equilibrated with buffer A. The column was
washed with buffer A and subsequently proteins were eluted with buffer A
supplemented with 10 mM maltose. Fractions containing target protein were pooled
and concentrated with centrifugal filter units (Amicon Ultra-15, 10 k; Millipore,
Billerica, MA, USA). Concentrated protein was re-buffered to buffer A with a PD-10
desalting column. Cleavage of the fusion protein was achieved by digestion with
enterokinase (0.5 ng/50 ug fusionprotein). Digestion was completed within four hours
at 4 °C. Separation of the proteins was achieved by rebinding MBP to the amylose
resin, while Yap4p was in the flow through. The protein solutions were shock frozen

and stored at —80 °C, if not used immediately.

Purification of Yap4p (co-expression)

Initial steps of purification were carried out as for the fusionprotein purification.
Except that buffer B (50 mM Hepes, pH 7.0, 150 mM NaCl) was used and
supernatant was loaded onto a 5-mL HisTrap HP column previously equilibrated with
buffer B. The column was washed with buffer B supplemented with 10 mM imidazole

and subsequently proteins were eluted with buffer B supplemented with 300 mM

118



Flavodoxin-like proteins and interacting proteins from Saccharomyces cerevisiae

imidazole. Fractions containing target protein were pooled and concentrated with
centrifugal filter units (Amicon Ultra-15, 10 k; Millipore, Billerica, MA, USA).
Concentrated protein was re-buffered to buffer C (50 mM Hepes, pH 7.0) with a PD-
10 desalting column. The protein solutions were shock frozen and stored at -80 °C, if

not used immediately.

Neutral lipid analysis

Total cell extracts for lipid analysis were prepared from yeast cells grown to the early
logarithmic or early stationary phase in induction medium. Cells were harvested by
centrifugation at 2500 x g for 5 min at 4 °C. The cells were washed with ddH,O and
frozen at -70 °C for one hour. Cells were resuspended in ddH,O and lysis was
performed by vigorous shaking in the presence of glass beads for 3x3 min at 4 °C.
Lipids from total cell extracts were isolated by the method of Folch et al. [30] using
chloroform/methanol (2:1; vol/vol). Lipid extracts were applied to thin layer
chromatography plates (silica gel 60). Lipid extracts were applied to thin layer
chromatography (TLC) plates (silica gel 60). Chromatograms were developed in an
ascending manner in a solvent system containing light petroleum/diethyl ether/acetic
acid (20:20:0.8; per vol.) to 1/3 of the distance, briefly dried and further developed
using a second solvent system containing light petroleum/diethyl ether (39.2:0.8; v/v)
to 2/3 of the distance. To visualize the separated neutral lipid bands the TLC plates
were immersed for 6 sec in a solution containing 0.63 g MnCl,-4H,0, 60 mL water,
60 mL methanol, and 4 mL concentrated sulfuric acid. Afterwards the plates were
incubated in a heating chamber at 105 °C for 30 min. Triacylglycerols and steryl
esters were quantified by densitometric scanning at 275 and 400 nm, respectively,
using a Shimadzu dual wavelength chromatoscanner CS-930 (Kyoto, Japan). Triolein
from Nu-Check Prep (Waterville, USA) and ergosterol from Sigma-Aldrich (St. Louis,
USA) were used as standards.

After alkaline hydrolysis of the lipid extract [31] individual sterols were analysed by
gas liquid chromatography (GLC). GLC was performed on a Hewlett-Packard 5890
equipped with a flame ionization detector operated at 320°C, using a capillary column
(Hewlett-Packard 5; 30 m with 0.32 mm and 0.25 um film thickness). After a 1-min
hold at 150 °C, the temperature was increased to 310 °C at 10 °C/min. The final

temperature was held for 10 min. Nitrogen was used as the carrier gas, and 1 pl
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aliquots of samples were injected onto the column. Cholesterol from Sigma-Aldrich

(St. Louis, USA) was used as internal standard.

RNA isolation and real time PCR

Total RNA from cells grown to the early exponential phase (ODggo 0.8-1) in induction
medium at 30 °C was isolated using the RNeasy kit from Qiagen (Hilden, Germany)
following the manufacturer's instructions (including on-column digestion with
DNasel). Reverse transcription was performed with iScript™ cDNA synthesis kit from
Biorad (California, USA) according to the instructions. Real time PCR was performed
with the SsoAdvanced™ Universal SYBR® Green supermix from Biorad (California,
USA) as described by the manufacturer (amplification temperature 61.2 °C).
Reactions were performed in 96-well plates sealed with an optical-quality sealing
tape from Bio-Rad (California, USA) and amplification was performed in a CFX
Connect™ Real-Time PCR detection system from Bio-Rad (California, USA).
Differences in mRNA expression relative to a control (ACT1) were quantified with the
AACt method [32]. The used primers are listed in Table 1.

Table 1. List of primers used in this study for real time PCR

AcT1 | W_5-CCAGCCTTCTACGTTTCCATCCAAG-3
rev 5-GACGTGAGTAACACCATCACCGGA-3’

ARel | M_5-CCACCTGCTCTTCGACATGATTCC3'
rev 5-GGTCAACTCCGCCACGCAATTCAA-3'

ARes | W_5-TATCCTGTAGCAATGAGAGCATTGGCT-3
rev 5-ATAAACCCTGGGACGATATCAACGAG-3

rGa | M_5-GCAGGTGCCATTCCTGTTTG-3'
rev 5-ACACGTAGCTGAGACTAGCC-3'

Ry | W_5-TTCCATGGTCCACAGGGTATG-3
rev 5-ACTACCTGGAACGCACTCG-3’

crGo | W_5-TGACTTGTTGCGTCACTTCC-3
rev 5-GTCGTAGTCGTGGACGGT-3'

rG11 | M_5 TGCACCATCCATTGCACTCT-3
rev 5-CCGACGGAATAAGAGGAGGC-3’

L1 | W_5-GACATGGAAGACAACTCATCCAACGCATG-3
rev 5-GACCTCATCCGCTTCATCAGCTTGTAC-3'
fw_5-GAAGTTGATGCAATGGTGGCTGTCAC-3’

YHEL | oy 5.GTCTGAAAACCACTTAACATTGTCGGGGAAC
fw_5-GCAATGGTGGTTGTCACCTCTTCCTAATAAG-3'

YHEZ | oy 5.CTGTCATCATCATTCTTGGCAATAGGAAACCATG-3'

VAp4 | M_5-TGCATCACACGCACCATTTG-3
rev.5-GGAAGGTTAGTCGTGGCACT-3’
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Yeast growth assay

A single colony of the respective strains was grown for 24 h in synthetic dextrose
medium [0.67% amino acid free yeast nitrogen base, 2% carbon source, 0.01%
(adenine, arginine, cysteine, leucine, lysine, threonine, tryptophan, uracil), 0.005%
(aspartic acid, histidine, isoleucine, methionine, phenylalanine, proline, serine,
tyrosine, valine) lacking uracil (SD-ura)] with orbital shaking (200 rpm) at 30°C. About
100 mL of fresh synthetic galactose medium lacking uracil (SG-ura) was inoculated
with pre culture to an ODggo Of 0.1. Cell growth in induction medium was monitored by
ODgo readings all six hours for up to 96 hours. Measuring points are mean values of

three replicates.

Colony forming unit (Cfu) assay

Respective strains were grown to early exponential phase (ODgoo 0.8-1) in induction
medium at 30 °C with orbital shaking (200 rpm). At this point various concentrations
(0.3 mM, 1 mM and 3 mM) of H,O, were added to the culture and the cells were
allowed to grow for three more hours. To assess the viability, the cultures were
serially diluted and plated on YPD plates. Cultures were differentially diluted, plated
on YPD (10 g/L yeast extract, 20 g/L tryptone, 20 g/L glucose) and were grown for 2—
3 days in an incubator at 30 °C The number of colonies was determined after
incubation for 2-3 days at 30°C. Untreated samples were used as control. All tests

were performed at least in triplicate.

Results

Expression and purification of Yap4p (fusion protein and co-expression)

Previous attempts to express YAP4 and purify the protein to adequate purity to
perform co-crystallization experiments with Lot6p were insufficient [24,25]. Since
expression and purification from E. coli as well as from S. cerevisiae failed, YAP4
expression with an attached fusion protein (MBP) in E. coli was performed with the
expectation to increase protein expression, folding and stability [33]. However, fusion
protein expression leds only to a marginal better expression level. Further it could be
demonstrated with size exclusion chromatography that the fusion protein mainly

forms soluble aggregates (elution at void volume) (Figure 1, panel B). Varying

121



Flavodoxin-like proteins and interacting proteins from Saccharomyces cerevisiae

conditions and the presence of chaperones did not improve expression of soluble
protein. Even if separation of Yap4p and MBP by cleavage of the fusion protein with
enterokinase was successful (Figure 1, panel A), Yap4p precipitated after this

reaction.
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Figure 1. Determination of molecular masses of denatured and native MBP-Yap4p
fusionprotein. (A) Determination of purity and molecular masses of MBP-Yap4p
fusionprotein and the individual proteins after cleavage with enterokinase. Lane 1,
PageRuler™ prestained protein ladder (10-180 kDa); lane 2, protein extract before
induction; lane 3, protein extract after induction; lane 4, protein fraction after
purification by Ni-NTA-sepharose; lane 5, sample after cleavage of the fusionprotein
with enterokinase (EK). The molecular mass of the fusion protein was estimated to
be ~80 kDa. (B) The elution of the fusionprotein occurred in the void volume (2000
kDa) indicating that it forms soluble aggregates.

Since it was reported that bZIP proteins have the ability to form heterodimers [3,34]
co-expression of YAP4 and its closest homolog YAP6 was performed to investigate if
a heterodimer can be formed and if it shows better folding and stability.
Unfortunately, no stabilization of His-tagged Yap4p could be achieved by co-
expression (Figure 2, panel A and B). Again a variation of the conditions and the

presence of chaperones did not improve expression and solubility.
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Figure 2. Coexpression of 6xHis-tagged Yap4p and untagged Yap6p in E. coli. (A)
Lane 1, PageRuler™ prestained protein ladder (10-180 kDa); lane 2, protein extract
before induction; lane 3, protein extract after induction; lane 4, soluble protein
fraction; lane 5, unsoluble. (B) Lane 1, PageRuler™ prestained protein ladder (10-
180 kDa); lane 2, protein fraction after purification by Ni-NTA-sepharose.

Analysis of neutral lipids in total cell extracts and gene expression regulation of cells

lacking or overexpressing YAP4

Before it could be demonstrated by fluorescence microscopy that the YAP4
overexpressing strain exhibits a higher amount of lipid droplets in the early
exponential phase [25]. This prompted us to analyse the neutral lipid content of cells
lacking or overexpressing YAP4 at the early exponential phase (Figure 3, panel A) as
well as in the early stationary phase (Figure 3, panel B). During logarithmic growth
the AYAP4 strain showed comparable amounts of SE and TG to the wild type strain,
in contrast to the YAP4 overexpressing strain which comprises double the amount of
SE and TG. In the stationary growth phase TG levels in all strains were comparable,
while the SE content was still ~1.5 fold increased in the YAP4 overexpressing strain.
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Figure 3. Effect of depletion or overexpression of YAP4 on neutral lipid composition.
For lipid analysis cells were grown on SG-U containing at 30°C to the mid-log phase
(@) and the early stationary phase (b). Total lipids from wild type (grey), AYAP4
(black) and YAP4 overexpression strains were extracted, separated and analysed by
TLC. Amounts of SE and TG are shown as pug/ODggo. Data are mean values of three
independent experiments. Error bars indicate the standard deviation.

To investigate the SE composition, individual sterols were analysed by GLC in the
sample of the logarithmic growth phase (Figure 4, panel A) and the stationary growth
phase (Figure 4, panel B). Particular sterol precursors showed elevated levels in the
YAP4 overexpressing strain, namely squalene, 4-methylzymosterol, episterol and
lanosterol, while in the stationary phase all sterol precursors were abundant in a

higher amount in comparison to the wild type and the AYAP4 strain.
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Figure 4. Sterol composition of yeast cells in logarithmic (A) and stationary growth
phase (B). Cells were grown on SG-U containing at 30°C. Total lipids from wild type
(grey), AYAP4 (black) and YAP4 overexpression strains were extracted and
subjected to MS analysis of sterols. Amounts of individual sterols are shown as
Hg/ODeggo. Data are mean values of two independent experiments. Error bars indicate
the standard deviation.
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The YEASTRACT database was used to investigate whether genes involved in the
ergosterol biosynthesis pathway contain the Yap4p targeting sequence (TTACATAA
[12]) [35]. This approach revealed 17 potential target genes (ERG28, ERG4, ERG25,
ERG11, NSG1, ERGY9, ERG3, ATG26, HMG2, ERG13, ERG5, ERGS, CYB5, MVD1,
HES1, KES1, ERG7, GRE2). The involvement of the corresponding proteins in
squalene and lanosterol synthesis prompted us to determine the expression levels of
ERG9 and ERG7, further the expression level of genes encoding for two oxygen-
dependent enzymes (ERG3 and ERG11) was determined by real-time PCR. Further
primers for ARE1 and AREZ2 (steryl ester synthases), TGL1, YHE1 and YHEZ2 (steryl
ester hydrolases) were kindly provided by Prof. Ginther Daum and Dr. Karin
Athenstaedt. Furthermore the mRNA levels of YAP4 in wild type and overexpression
strain were determined. Increased mMRNA levels were determined for ERG3, ERG11
and YEH2 (2-fold) and YEH1 (5-fold) (Figure 5). The mRNA level of YAP4 was ~30

times higher in the overexpression strain than in the wild type strain.
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Figure 5. Gene expression of genes involved in ergosterol biosynthesis (ERG9,
ERG7, ERG3 and ERGL11), SE formation (ARE1 and ARE2) and SE hydrolysation
(TGL1, YEH1 and YEH2). Relative gene expression of the genes in wild type (grey)
and YAP4 overexpressing strain was quantified by real-time PCR. The wild type
value was set to 1. Data are mean values from three independent experiments with
the respective deviation.
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Growth and stress resistance of YAP4 mutants

Growth assays from former studies demonstrated that YAP4 overexpression under
control of GAL1 promoter in yeast leads to significant growth defects because the cell

cycle is delayed at Go/G; phase [25] (Figure 6, panel A).
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Figure 6. Effect of depletion or overexpression of YAP4 and YAP4 phosphorylation
and DNA binding mutants on cell growth. (A) * wild type < AYAP4 - YAP4
overexpression strain (B) ¢ Yap4p-S89A, « Yap4p-T192A, * Yap4p-S196A, Yap4p-
T192AS196A, * Yap4p-K242AR243A. Growth was monitored by measuring the
absorbance at ODgoo every six hours. The shown data points were generated as
mean values of three replicates.

To investigate whether mutation of phosphorylation sites (S89A, T192A, S196A,
T192AS196A) or within the basic DNA binding region (K242AR243A) affects the cell
growth, assays with respective strains were conducted (Figure 6, panel B). All
phosphorylation mutants displayed an impaired growth. The growth behaviour of the
K242AR243A mutant was comparable to the wild type strain. However, the lag-phase
is prolonged within this mutant. Despite the prediction to be a nuclear localization
signal, it could be demonstrated that Yap4p*K242AR241A has no impairment in its
localization, but it displayed a reduced stress resistance [17]. The author concluded
that mutations within the basic region abolish the ability of Yap4p to bind to DNA and
therefor Yap4p cannot perform its function in gene expression regulation. This

conclusion is further supported by our growth assay.

Previous studies demonstrated that YAP4 overexpressing cells are less sensitive
against oxidative stress [25] and that the protein gets phosphorylated under these
stress condition at the positions T192, S196 [21] and S89 [6]. To investigate the
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sensitivity of the cells if phosphorylation at the respective sides is abolished, cells

harbouring YAP4 mutants were exposed to oxidative stress (H,0,) (Figure 7).
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Figure 7. Effect of depletion or overexpression of YAP4 and YAP4 phosphorylation
mutants on oxidative stress resistance. Cells grown to early exponential phase in SG-
U containing at 30°C were treated with various amounts of H,O, (0 mM blue; 0.3 mM
orange; 3 mM green) over three hours. After the treatment appropriate quantities
were plated onto YPD and colonies were counted after 2-3 days.

All phosphorylation mutants exhibited a higher viability than the wild type strain. In
the presence of 3 mM H,O, S89A displayed comparable viability to the YAP4
overexpressing strain (~40% vs. 50%), the mutation of T192 and S196 were more
pronounced (~15% viability). This points out that phosphorylation of T192 and S196
are from higher importance than phosphorylation of S89, which corresponds to the

results from Pereira et al. [21].

Discussion

Expression experiments in E. coli were carried out to purify Yap4p to an adequate
purity to perform co-crystallization experiments with Lot6p and the 20S proteasome.
The experiments were unsuccessful due to the low stability of Yap4p under all tested
conditions, which most likely can be attributed to the high flexibility of the protein.

Former trials to express Yap4p in S. cerevisiae were also unsuccessful, but revealed
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a significant growth defect if YAP4 expression is under control of the very strong
GALL1 promoter. However, under control of the weaker copper promoter (CUP1) no
significant growth differences were observed (data not shown), which indicates that
growth inhibition occurs only at very high Yap4p contents. Interestingly, this effect
was only observed with YAP4 and YAP6 overexpression, while overexpression of
other YAP members had no influence on the growth rate [36]. On the one hand this
indicates an involvement of Yap4p and Yap6p in cell cycle regulation as reported
also from other groups [15,16]. On the other hand this strategy was used to identify
new target genes of transcription factors [37] which prompted us to investigate the
observed differences in neutral lipid content. During exponential as well as stationary
growth phase a significant accumulation of SE was noticed. However, this
accumulation could not be assigned to a particular step within the ergosterol
biosynthesis pathway since several ergosterol precursors exhibited higher levels.
Furthermore, mRNA levels from potential target genes of Yap4p encoding for
proteins from the ergosterol biosynthesis pathway were analysed, which revealed a
slight increase of gene expression from oxygen-dependent proteins (ERG3 and
ERG11) while other genes were unaffected (ERG7 and ERG9). Even if no direct
regulatory effect of Yap4p on the expression of genes encoding for sterol formation
(ARE1 and ARE2) and hydrolysation (YEH1, YEH2, and TGL1) was expected, the
MRNA levels of the corresponding genes were determined and surprisingly indicated
an upregulation of sterol ester hydrolases (YEH1 5-fold, YEH2 2-fold), which stands
in contrast to the increased content of sterol esters in the overexpressing strain.
Yeh2p was assigned as the SE hydrolase with the highest activity [38], however,
Yehlp is the major SE hydrolase under heme-deficient conditions, which imitates
anaerobic conditions [39]. Taking into consideration that especially an accumulation
of sterol precursors occurred which are substrates of oxygen-dependent enzymes, it
can be assumed that YAP4 overexpressing cells, respond to hypoxia a stress
condition were it is supposed that Yap4p is required [40,41].

Yap4p is phosphorylated under several stress conditions [6,8,21]. If
expression of YAP4 is under the control of the GAL1 promoter, Yap4p is also
phosphorylated [25], which indicates that strong overexpression of YAP4 triggers
stress response. Growth assays with YAP4 phosphorylation mutants revealed that
this modification is not required to induce growth inhibition and has only marginal

influences on stress resistance.
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In conclusion, Yap4p is supposed to be one of the major regulators in the Yap-

mediated network with potential target sites in several functional categories, including

the ones were we observed significant differences, namely cell cycle progression,

neutral lipid content and stress response [7,12]. However, since various studies imply

the coordination of metabolic activities, cell cycle progression and stress resistance in

S. cerevisiae [42—-46] as well as in other organisms [47-49] it is difficult to say if all

three explored categories are directly influenced by Yap4p or if changes occurred

because of synergistic effects.
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Abstract

The human NAD(P)H:quinone oxidoreductase 1 (NQO1; EC 1.6.99.2) is an essential
enzyme in the antioxidant defence system. Furthermore, NQO1 protects tumour
suppressors like p53, p33™°* and p73 from proteasomal degradation. The activity of
NQO1 is also exploited in chemotherapy for the activation of quinone-based
treatments. Various single nucleotide polymorphisms are known, such as NQO1*2
and NQO1*3 yielding protein variants of NQO1 with single amino acid replacements,
i.e. P187S and R139W, respectively. While the former NOQ1 variant is linked to a
higher risk for specific kinds of cancer, the role, if any, of the arginine 139 to
tryptophan exchange in disease development remains obscure. On the other hand,
mitomycin C resistant human colon cancer cells were shown to harbour the NQO1*3
variant resulting in substantially reduced enzymatic activity. However, the molecular
cause for this decrease remains unclear. In order to resolve this issue, recombinant
NQO1 R139W has been characterized biochemically and structurally. In this report
we show by X-ray crystallography and 2D-NMR spectroscopy that this variant adopts
the same structure both in the crystal as well as in solution. Furthermore, the kinetic
parameters obtained for the variant are similar to those reported for the wild-type
protein. Similarly, thermostability of the variant was only slightly affected by the amino
acid replacement. Therefore, we conclude that the previously reported effects in
human cancer cells cannot be attributed to protein stability or enzyme activity.
Instead it appears that loss of exon 4 during maturation of a large fraction of pre-
MRNA is the major reason of the observed lack of enzyme activity and hence

reduced activation of quinone-based chemotherapeutics.
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Introduction

NAD(P)H:quinone oxidoreductase 1 (NQO1; EC 1.6.99.2) [1] is an important enzyme
in the human antioxidant defence system. Among other functions, the dimeric
flavoprotein is catalysing the conversion of quinones to hydroquinones preventing the
formation of semiquinone radicals [2]. Yet another important role is the regulation and
stabilisation of various tumour suppressors like p33"N®'®, p53 and p73. This effect
appears to be related to the interaction of NQO1 with the 20S proteasome in a NADH
dependent manner [3,4]. Single nucleotide polymorphisms result in the expression of
different protein variants of NQO1. The two most prevalent variants in the human
population are NQO1*2 (NQO1 609C>T; NQO1 P187S; allelic frequency: 0.22-0.47)
and NQO1*3 (NQO1 465C>T; NQO1 R139W, allelic frequency: 0.00-0.05), which are
connected to a higher risk for specific cancers [5-11]. Several studies have focused
on NQO1*2 and have shown a reduction or even a loss of the enzymatic activity of
NQO1 P187S [12-14]. Furthermore, this single nucleotide polymorphism (SNP) gives
rise to reduced stability of the protein and to a loss of the FAD cofactor. On the other
hand, the involvement of NQO1*3 in the development of cancer is currently unclear.
Initial observations indicated that splicing of the transcript of NQO1*3 yields mature
MRNA lacking exon 4, which consequently leads to the loss of the FAD binding
domain [15]. In the mitomycin C resistant tumour cell lines HCT 116-R30A solely the
MRNA of NQO1*3 could be detected while in the mitomycin C sensitive HCT 116 cell
line mMRNAs of NQO1*1 and NQO1*3 were detectable [16]. These findings led to the
assumption that the higher cancer risk for the NQO1*3 polymorphism might be
caused by erroneous splicing of the pre-mRNA derived from NQO1*3. As a matter of
fact, the nucleotide transition found in NQO1*3 disrupts the consensus sequence of
the 5 splicing site required for the correct splicing by the spliceosome and thus
rationalizes the observations mentioned above [11]. Since the full length mRNA of
NQO1*3 is still representing one to two thirds of the whole mRNA [11], it is unclear if
the higher risk for specific cancers can be explained solely by erroneous splicing.
Thus far enzyme activities were determined only in cell extracts [11] or with the
unspecific redox dye DCPIP [17] but not with a quinone substrate. Moreover,
information concerning the potential impact of the R139W exchange on structural

properties of the enzyme is currently not available.
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A loss of enzymatic activity is increasing the toxicity of benzene as well as
aggravating the cancer treatment of patients [18]. The broad substrate specificity of
NQO1 allows the activation of chemotherapeutic prodrugs, like mitomycin C or B-
lapachone. Since various tumours are upregulating the NQO1 levels, these
chemotherapeutics are acting more specific on cancer than healthy cells [19-21]. The
success of the prevalent cancer treatment with cisplatin is also affected by the NQO1
activity. One limitation for the use of cisplatin is the induced nephrotoxicity. Activation
of NQO1 can improve the negative effects of the treatment to the kidneys while a loss
of enzyme activity can cause an accelerated damage of the renal system [22]. Taken
together the status of NQO1 expression and activity is essential for the success of
guinone-based chemotherapies and therefore detailed biochemical and structural
studies are paramount to generate a sound basis for the development and design of
cancer intervention strategies.

In order to remedy the current lack of sound biochemical information on the
NQO1 R139W variant, we have undertaken a biochemical, enzymatic and structural
investigation to fully comprehend the effect of this widely occurring variant of the

human enzyme.

Materials and Methods

Materials

All chemicals and reagents were of the highest purity commercially available from
Sigma-Aldrich (St. Louis, MO, USA) and Merck (Darmstadt, Germany). Ni-NTA-
agarose columns were obtained from GE Healthcare (Little Chalfont, UK).

Molecular cloning of nqol, protein expression and purification

The cloning of NQO1 and the generation of the NQO1 R139W variant as well as the
expression and purification was carried out according to the already described
procedure from Lienhart and Gudipati et al. [14]. The wild type gene of NQOL1 in a
pET28a vector was modified with the Quick Change Il XL Site-Directed Mutagenesis
Kit (Agilent, Santa Clara, CA, USA) according the provided manual with gene specific

primers from Eurofins (Luxembourg).
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Apoprotein preparation and UV/Vis absorption difference titration

Apoprotein preparation and difference titration spectra were conducted as described
by Lienhart and Gudipati et al. [14]. The measurements were made with a Specord
200 plus spectrophotometer (Analytik Jena, Jena, Germany) at 25 °C in Tandem
cuvettes (Hellma Analytic, Mullheim, Germany). 800ul of NQO1 R139W (45 uM) in
the sample cell was titrated with 0-42 pl (in 2 pl intervals) and 52 pl and 62 pl in (10 pl
intervals) of a FAD stock solution (1 mM). At the same time the same volume of FAD
as in the sample cell was added to the buffer chamber in the reference cell and the
same amount of buffer was also added to the protein chamber in the reference cell to
adjust the volumes of cells. For analysis, the sum of the absolute values at 436 nm
and 455 nm were plotted against the FAD/protein molar ratio.

Small-angle X-ray scattering.

SAXS data for solutions of the FAD-free and bound forms of wild type NQO1 were
recorded with an in-house SAXS instrument (SAXSspace, Anton Paar, Graz, Austria)
equipped with a Kratky camera, a sealed X-ray tube source and a one-dimensional
Mythen2 R 1k hybrid photon coupling detector (Dectris). The scattering patterns were
measured with a 60-min exposure time (20 frames, each 3 min) with a solute
concentration of 300 pM. Radiation damage was excluded on the basis of a
comparison of individual frames of the 60-min exposures, wherein no changes were
detected. A range of momentum transfer of 0.010 < s < 0.63 A™* was covered (s = 41
sin(B)/\, where 28 is the scattering angle, and A is the X-ray wavelength, in this case
1.5 A. All SAXS data were analyzed with the ATSAS package (version 2.8). The data
were processed with SAXSQuant (version 3.9) and desmeared with GNOM [23]. The
forward scattering (1(0)), the radius of gyration, (Ry), the maximum dimension (Dmax)
and the interatomic distance distribution function ((P(r)) were computed with GNOM

[23]. The masses of the solutes were evaluated based on their Porod volume.

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. The experiments
were performed at 10 °C or 25 °C in 50 mM HEPES, pH 7.0 buffer or 50 mM sodium
phosphate buffer with 150 mM NaCl, pH 7.0. The solutions were degassed before

measurements. The titration experiments were performed with either apo-protein
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solution or FAD solution in the syringe and in each case the other solution in the
sample cell. The concentrations of FAD and the apo-protein (concentration of NQO1
protomers) were determined spectrophotometrically. The first measurement point is
rejected while the remaining data points were analysed assuming a single site or a
two site binding model with Origin version 7.0 (MicroCal) for ITC data analysis [14].
To remove aggregated protein solutions were centrifuged at 21.130 g for 20 minutes
at 22 °C.

Steady state kinetics

Steady state parameters for NQO1 WT and NQO1 R139W were determined using a
Specord 200 plus spectrophotometer (Analytik Jena, Jena, Germany) at 25 °C.
NADH was used as electron donor and menadione as electron acceptor for the
assays. The concentrations of all components were determined
spectrophotometrically. For the assay with variation of NADH the reaction mixture
contained 2.5 nM WT NQO1 or the R139W variant, 200 yM menadione (€333nm =
2,450 M*cm™, dissolved in ethanol, final concentration in the cuvette 1% v/v) and 1-
10 mM NADH (g340nm = 6,220 M*cm™) in 50 mM HEPES containing 150 mM NaCl,
pH 7.0 and for the variation of menadione 2 nM NQO1 WT or NQO1 R139W, 10 mM
NADH, 10-160 pM menadione (dissolved in ethanol, final concentration in the
cuvette 1% v/v) in 50 mM HEPES containing 150 mM NaCl, pH 7.0. The reaction
mixtures were incubated for 3 minutes at 25 °C and then the reaction was initiated by
addition of the enzyme and the decrease in absorption of NADH was measured at
400 nm (determined for these measurements) due to the high concentrations of
NADH that were needed. In the case of measurements as a function of NADH
concentration the slope corresponding to the first 60 s was used for the analysis
whereas in the case of menadione variation only 10 s was used for analysis due to
the fast reaction. The Kkinetic parameters were determined wusing the
KALEIDAGRAPH software (Synergy Software, Reading, PA, USA).

Transient kinetics

The rates of the reductive half reactions were determined using a Hi-Tech (SF-
61DX2) stopped-flow device (TgK Scientific Limited, Bradford-on-Avon, UK), placed
in a glovebox from Belle Technology (Weymouth, UK), at 25 °C. Buffer were first

flushed with nitrogen and thereafter incubated in the glove box. In the same way
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enzyme and substrate solutions were deoxygenated in the glove box and diluted to
the desired concentration. During the experiments, enzyme was rapidly mixed with
substrate and reduction of the FAD cofactor was measured by monitoring changes at
455 nm with a photomultiplier detector (PM-61s, TgK Scientific Limited, Bradford-on-
Avon, UK). For these measurements 40 uM protein was mixed with 50-2500 puM
NADH or NADPH in 50 mM HEPES buffer containing 50 mM NaCl at pH 7.0. Initial
rates were analysed with a hyperbolic function using the KINETIC STUDIO software
(TgK Scientific).

Crystallization and structure determination of NQO1 R139W

NQO1 R139W at 6.1 mg/ml in 50 mM HEPES (pH 7.5) was crystallized by the
microbatch method in a precipitating solution containing 200 mM Li,SO4, 100 mM
BisTris (pH 6.5), 25% w/v PEG 3350 (Hampton Research Index Screen, condition
75), and incubated at 289 K. The total drop volume was 1 pL, with equal amounts of
protein and precipitant solution. Yellow crystals grew to full size (~ 100 pm) within 2
months. Crystals were harvested from their mother liquor with CryoLoops™
(Hampton Research), and flash-cooled in liquid nitrogen.

A complete diffraction dataset was collected up to 2.09 A resolution from a single
triclinic crystal (space group P1) at the Swiss Light Source (SLS) of the Paul Scherrer
Institute in Villigen, Switzerland (beamline X06DA). The data were processed using
the program XDS [24]. The calculated Matthews coefficient [25] indicated the
presence of four molecules per asymmetric unit. The structure was determined by
molecular replacement using the program PHASER [26] and the wild type structure
of NQO1 (PDB code: 1QBG) as search template.

Riee Values were computed from 5% randomly chosen reflections which were not
used during refinement [27]. Structure refinement and model rebuilding were carried
out with the programs PHENIX [28] and COOT [29,30] by alternating real-space
fitting against oa-weighted 2Fo — Fc and Fo — Fc electron density maps and least
square optimizations. Validation of the structure was carried out with the program
MOLPROBITY [31] yielding a Ramachandran plot with 97.0% of the residues in
favoured regions, 3.0% in allowed and none in disallowed regions. Prediction of the
biologically active form of NQO1 R137W was done using the PISA server [32].
Figures were created using the program PyMOL (http://www.pymol.org).
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The final model was refined to R = 16.9% and Rfee = 20.1%. Details of the data

reduction and structure refinement are listed in Table 4.

Limited proteolysis

NQO1 and NQO1 R139W (30 pM in 50 mM HEPES and 150 mM NaCl buffer at pH
7.5) were partially digested with trypsin (Promega, Madison, WI, USA) with a final
concentration of 2 ug/ml at 37 °C. The reaction was stopped after 5 and 10 minutes
by addition of SDS sample buffer to aliquots of the reaction mixture and immediately
boiled at 95 °C for 10 min. The samples were analysed by SDS-PAGE with precast
gradient gels (Thermo Scientific, Waltham, MA, USA) (Figure 8) [14,17,33,34].
1>N-Labelling of NQO1 and NQO1 R139W

Minimal medium containing 6.8 g/l Na,HPO,4, 3 g/l KH,PO4 0.5¢g/l NaCl, 1 g/l
>NH,CI, 3 g/l glucose, 1 pg/l biotin, 1 pg/l thiamin, 50 pg/ml kanamycin and 1 ml
1000x microsalts [150 mM CacCl,, 20 mM, FeCls, 50 mM H3BO3, 150 uM CoCl,, 800
MM CuCl;, 1.5 mM ZnCl,, 15 pM (NH4)eM07024-4H,0] was used for protein
expression as described in Lienhart and Gudipati et al. [14].

NMR spectroscopy

All NMR experiments were carried out with a Bruker Avance Il 700 MHz
spectrometer using a cryogenically cooled 5 mm TXI probe with z-axis gradients at
298 K. Samples containing between 20-40 mg/ml NQO1 or NQO1 R139W in 50 mM
HEPES, pH 6.5 in 90% H,0 and 10% D,O were used. For the *H->N HSQC spectra,
data matrices of 2048 x 160 points were acquired and zero filled to 4k x 256 points
prior to Fourier transformation. Sixty degree phase shifted squared sine bell window

functions were applied in both dimensions [14].

Thermal stability

The melting points were determined with a CFX Connect™ Real-Time PCR
Detection System (Bio-Rad Laboratories, Inc.; Hercules; California; USA) by
detecting the fluorescence change of SYPRO® Orange Protein Gel Stain (1:5000) or
the fluorescence change caused by the release of the FAD cofactor during heating
[35]. The tested proteins (100 pM for FAD and 10 puM for SYPRO® Orange,
measured in duplicates) have been dialysed in water over night and mixed with

concentrated buffer and salt solutions to obtain all tested conditions.
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Results

Expression and basic biochemical characterisation of the R139W variant
Heterologous expression of the NQO1 R139W variant in E. coli BL21 yielded similar
amounts of soluble protein as was previously reported for wild-type NQO1 [14].
Preparations of the R139W variant showed the typical yellow colour indicating that
the protein tightly binds the FAD cofactor in stark contrast to the P187S variant that
was isolated largely as an apo-protein [14]. Further analysis showed that wild-type
NQO1 and the R139W variant have nearly identical absorption spectra with maxima
at 375 and 450 nm (Figure 1). In addition, titration of apo-proteins with FAD gave rise
to a similar difference absorption spectrum indicating that the FAD binding pockets
provided by wild-type NQO1 and the R139W variant are comparable (Figure 1).
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Figure 1. UV-visible and difference titration absorption spectra of wild-type NQO1
and NQO1 R139W. A: Difference titration spectra of 800 ul NQO1 R139W (45 uM)
with 0-42 pl in 2 pl intervals FAD (1 mM). The insert shows the change of the
absolute absorption values at 436 nm and 455nm against the FAD/protein molar ratio
with two additional points (with additional 10 pl FAD each) compared to the main
figure. B: Absorption spectra of wild-type NQO1 and NQO1 R139W normalised to the
maximum at 450 nm. C: Difference titration spectra of wild-type NQO1 and NQOL1
R139W with protein/FAD ratio of 1 normalised to the maximum at 480 nm
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The melting points of the NQO1 WT and NQO1l R139W variant were
determined in different buffers and showed a decrease of 2 °C for the R139W
variant. Measurements with SYPRO® Orange of the holo- and apo-form of the
proteins showed a decrease of the melting points for the apoprotein. The small
differences of the melting points observed between FAD and SYPRO® Orange may
indicate that the latter has an adverse effect of thermal stability by promoting the
unfolding of the protein (Table 1).

Table 1. Thermostability measurements. Melting points were determined with a
CFX Connect™ Real-Time PCR Detection System under different buffer and salt
conditions of NQO1 and NQO1 R139W with FAD or SYPRO® Orange as fluorescent
reporter. Melting points are given in °C (values given are the average of two
independent measurements).

Buffer NQO1 NQO1 R139W
50 mM potassium phosphate, pH 7 54.0 52.0

50 mM sodium phosphate, pH 7 54.0 52.0

50 mM Tris/Cl, pH 7 54.5 52.5

50 mM HEPES, pH 7 56.0 54.0
Holoprotein in 50 mM HEPES, pH 7 52.8 51.2
+SYPRO® Orange

Apoprotein in50 mM HEPES, pH 7 50.8 48.5
+SYPRO® Orange

Isothermal titration calorimetry and small-angle X-ray scattering

To obtain quantitative information on the binding affinity of the FAD cofactor
to the R139W variant isothermal titration calorimetry experiments were conducted. As
reported recently, reproducible measurements are obtained by titration of a fixed
concentration of FAD with apo-protein [14]. The raw data could be nicely fitted to a
one binding site model [14] (Figure 2). The average of three measurements was used
to determine the Kp values for the NQO1 R139W variant as 155 + 27 nM, which is
2.5-fold higher than the Kp for wild-type enzyme [14]. Thus it can be concluded that
the arginine to tryptophan replacement has only a marginal effect on the binding
affinity of the FAD cofactor.
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Figure 2. ITC measurement of NQO1 R139W. NQO1 R139W: 35 injections with 6 pl
of 298 uM NQO1 R139W apoprotein solution in 29 yM FAD solution and 300
seconds spacing (top) at 25 °C. From three independent measurements under the
same conditions the dissociation constant was calculated to Kp = 155 + 27 nM. Data
was fitted using the one binding site model.

In this context it is important to note, that the experimental set-up of the ITC
experiment is critical to obtain reliable data both in terms of stoichiometry and the
dissociation constant. In principal, reversal of the order of titration should not
influence the outcome of the experiment in terms of the model used to fit the raw
data. However, when apo-proteins (wild-type as well as the R139W variant) were
titrated with FAD the raw data could not be satisfactorily fitted with a one binding site
model. Instead, the raw data were best fitted to a two binding site model, a result that
is difficult to reconcile with the structural identity of the two FAD binding pockets in

the homodimeric protein (Figure 3; data with wild-type).
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Figure 3. ITC measurements of NQO1 wild-type in HEPES buffer. The left and the
middle measurements were conducted with apo-NQO1 in the sample cell of the
microcalorimeter and FAD in the injection syringe. Data was fitted using the two
binding site model. Left: First injection with 2 ul and 49 injections with 6 pl of 477 uM
FAD solution in 49.4 uM NQO1 apo-protein solution and 300 seconds spacing at
25 °C. The determined Kp and N values are: Kp; = 9,2 nM; Kp,= 780 nM; N1 = 0,47,
N2 = 0,5. Middle: First injection with 2 ul and 27 injections with 10 ul of 457 yM FAD
solution in 46.8 uM NQO1 apo-protein solution and 600 seconds spacing at 25 °C.
The determined Kp and N values are: Kp; = 4 nM; Kp, = 295 nM; N1 = 0,18; N2 =
0,71

The right measurement was conducted with FAD in the sample cell of the
microcalorimeter and apo-NQOL1 in the injection syringe. Data was fitted using the
one binding site model. First injection with 2 pl and 34 injections with 6 ul of 284 uM
NQO1 apoprotein solution in 29 yM FAD solution and 300 seconds spacing at 25 °C.
From three independent measurements under the same conditions the dissociation
constant was calculated to Kp = 64 £ 23 nM.

Interestingly, we observed that variable amounts of protein had apparently
precipitated during the experiment. Thus, a possible source for the irreproducibility
observed with this particular experimental set-up appears to be the instability of apo-
proteins in the microcalorimeter cell where constant stirring is required over the entire
time course of the experiment. Similarly, when wild-type NQO1 was constantly stirred
in an optical cuvette, we observed a gradual increase at 600 nm indicating
denaturation and finally precipitation of protein. After removal of the precipitated
protein by centrifugation the residual protein appeared to be intact as it behaved
similar to unstirred protein in size exclusion chromatography. Attempts to stabilize the

apo-proteins by lowering the temperature (e.g. 4 °C) or testing different buffers

148



Appendix

influenced the overall shape of the obtained raw data but failed to improve the
reproducibility of the experiment. Importantly, SAXS measurements of wild-type
NQO1 showed that the protein forms a dimer in solution both in the holo- and the
apo-form, with the holo-protein being more compact compared to the more extended
apo-protein (radius of gyration 2.5 and 2.94 nm, Figure 4). Thus, the dimeric apo-

protein seems to be partially open or unfolded as a consequence of FAD depletion.

NQO1 apo
NQO1 holo

0 20 40 60 80 100
R (A)

Figure 4. SAXS Measurement of NQO1. SAXS data showing a comparison of the
experimental radial density distribution (P(r)) of apo- and holo-NQO1 in cyan and
orange, respectively.

Kinetic measurements

The reductive rates for the NQO1 R139W variant, with NADH and NADPH as
reducing co-substrates, were determined. As shown in Table 2, the limiting values for
reduction are comparable to those determined earlier for wild-type NQO1 [14].
Interestingly the observed transients showed a biphasic behaviour with a second
slower substrate-independent rate, which might have been caused by product
release. The oxidative half reaction of the NQO1 R139W variant was completed
within the dead time of the stopped flow device as was reported previously for the
wild-type and the NQO1 P187S variant [14].

In addition, we have determined steady-state kinetic parameters for WT
enzyme and the R139W variant using NADH and menadione as reducing and
oxidising substrate, respectively. As summarised in Table 3 and seen in Figure 5, the
values for kcqrand Ky are virtually identical for WT enzyme and the R139W variant for
both NADH and menadione again indicating that the single amino acid replacement

does not affect the kinetic properties.
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Table 3. Steady state kinetic parameters for NQO1 and NQO1l R139W. Kinetic
parameters with standard deviations determined for NQO1 and NQO1 R139W, using
NADH as electron donor and menadione as electron acceptor.

NADH Menadione
kcat,app (S-l) KM,app (mM) kcat,app /KM,app kcat (S-l) KM (U-M) kcat /KM
(mMs™) (uMs™)
NQO1WT 1590 + 52 3.22+0.27 494 + 44 1830+ 82 11.6+2.2 158 + 31
NQO1 1580 + 73 3.31+£0.38 478 + 60 1730+ 100 10.6+2.8 162 + 44
R139W
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Figure 5. Steady state kinetics of NQO1 WT and NQO1 R139W. In the case of
variation of NADH, the velocity v over the enzyme concentration is plotted against
NADH concentration for NQO1 WT (A) and NQO1 R139W (B). For the variation of
menadione, the velocity v over the enzyme concentration is plotted against
menadione concentration for NQO1 WT (C) and NQO1l R139W (D). Standard
deviations are shown with error bars.
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Structural studies: X-ray crystallography, NMR-spectroscopy and partial proteolysis

To gain further insight into the structural properties of the R139W variant the crystal
structure of this protein was solved (see Materials & Methods and Table 4).

Table 4. Data collection and refinement statistics.

NQO1 R139W
Data collection
X-ray source SLS-X06DA
Wavelength (A) 1.0
Temperature 100 K
Space group P1

Cell dimensions

a, b, c (A)

o, B,y (%)
Resolution (A)*
Total reflections
Unique reflections
Multiplicity*
Completeness (%)*
Rmeas
Rmerge
<l/o>*

CCyp2*

CccC*

Refinement

Resolution (A)

Rwork/ Rfree

No. of atoms
Protein

Cofactor/ligands

Water
Mean B-factors (A%

Protein

Cofactor/ligands

Water

All atoms
R.m.s. deviations

Bond lengths (A)

Bond angles (°)
Ramachandran outliers (%)
PDB-entry

54.61, 59.93, 99.83
100.37, 92.85, 90.22
49.03-2.09 (2.17-2.09)
194450 (16603)
67587 (5937)

2.9 (2.8)

97.1 (86.89)

0.093 (0.339)

0.076 (0.296)

12.27 (4.1)

0.995 (0.906)

0.999 (0.975)

49.03-2.09
0.1693/0.2013

8659
240
1052

23.40
26.60
32.30
24.40

0.004
0.95

0
S5A4K
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The structure was determined to 2.1 A and contains four protein chains in the
asymmetric unit. These crystallographically independent molecules are very similar to
each other, indicated by an average root-mean-square-deviation (rmsd) of 0.14 A for
a superposition of (on average) 224 out of 271 Ca-atoms. The subunit structure of
the R139W variant is also virtually identical to the wild-type structure with the
exception of the amino acid replacement at position 139 (Figure 6). The respective
average rmsd in this case is 0.18 A for a superposition of 230 out of 271 Ca-atoms.

Figure 6. Crystal structure of NQO1l R139W. Panel A: Cartoon model of the
superposition of NQO1 and NQO1 R139W with the arginine and tryptophan residue
(right) and the FAD (left) shown as a stick model. Panel B: Cartoon model of the
NQO1 R139W homodimer with the tryptophan residue and the FAD shown as a stick
model. Panel C: Fo — Fc omit electron density contoured at 3o for the isoalloxazine
moiety of FAD bound to one of the subunits (left) and for tryptophan 139 (right).
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Recently, it was shown for the NQO1 P187S variant that despite adopting the
same structure in the crystal it behaved very differently in solution as evidenced by
2D HSQC NMR-spectroscopy [14] (Figure 7, insert). Thus the R139W variant was
also analysed using this technique. As shown in Figure 7, the 2D HSQC spectra of
NQO1 (red) and NQO1 R139W (black) are again nearly identical with the exception
of an additional signal found in the region typical for a nitrogen of the indole ring in
tryptophan side chains (marked by an arrow in Figure 7). Minor shifts observed for a
few signals are typical for a single amino acid exchange. Identical line-widths also

indicate that the flexibilities of the two proteins are essentially unchanged.

L 100
L 102
L 104
L 106
L 108
L 110
L 112
L 114
L 116
L 118
L 120
[ 122
L 124
L 126
L 128
L 130
L 132
L34

3(*N) [ppm]

N

I K ld =S
3("H) [ppm]

Figure 7. 2D *H-'>°N HSQC spectra. Overlay of the 2D *H-*N HSQC spectrum of
NQO1l R139W (black) and wild-type (red). An additional tryptophan side chain NH
signal is visible in the R139W variant and indicated by an arrow. All other signals are
almost identical in the HSQC spectrum of the R139W variant and wild-type,
respectively, indicative of a very similar structure. A few minor shift differences result
from residues close to residue 139. The insert in the upper left corner shows an
overlay of the NMR spectra of NQO1 WT (red) and NQO1 P187S (green) where
overlapping areas are marked yellow.
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Recently, we also demonstrated that limited tryptic digestion can be used to
monitor the structural flexibility of NQO1 variants, i.e. the unstable and partially
unfolded P189S variant. In the case of the R139W variant no difference in the
digestion pattern compared to WT was detectable in agreement with the NMR-

spectroscopic results (Figure 8).

Time
[min] 0 5 10
Trypsin - + +

NQO1 ---

NQOL O e G

R139W

NQO1 iy

P187S -——
— r—

Figure 8. Trypsin digestion of different NQO1 variants. Comparison of Trypsin
digestion of three NQOL1 variants without addition of Trypsin (0 minutes) and two
measurements after addition of Trypsin (5 and 10 minutes).

Discussion

NQOL1 constitutes an important enzyme of the cellular defence system and plays a
central role in the activation of quinone-based chemotherapeutics. The occurrence of
genetic variants in the human population necessitates the proper evaluation of the
biochemical properties of the resulting protein variants. Previous studies on the
P187S protein variant (encoded by NQO1*2) demonstrated that this single amino
acid exchange causes strong destabilization of the tertiary structure leading to a
substantial loss of function [14,17]. Astonishingly, it could be demonstrated that the
variant adopts a very similar crystal structure, while in solution the protein is present

largely in an unfolded state [14]. This very unusual and unexpected behaviour of the
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P187S variant prompted us to initiate a parallel study on the R139W variant caused
by a single nucleotide transition in the nqol gene (NQO1*3).

Initial analysis of the recombinant R139W variant by UV-visible absorption
spectroscopy indicated that the affinity of the FAD cofactor as well as the nature of
the cofactor binding site were not or only marginally affected by the arginine to
tryptophan replacement (Figure 1). Further studies by ITC intended to obtain
dissociation constants for FAD binding revealed that the apo-proteins of both wild-
type and the R139W variant precipitated during the experiment, probably due to the
damaging effect of shearing forces exerted by constant mixing in the sample cell. As
a consequence, this particular experimental set-up resulted in non-reproducible and
erroneous results leading to artefacts for the stoichiometry as well as binding
affinities. SAXS measurements showed that the apo-protein is not as compact as the
holoprotein but still forms a dimer (Figure 4). This may result in a lowered stability
against shearing forces as well as in a lowered melting point (Table 1). Similar
experiments were recently reported for wild-type NQO1 as well as the P187S and
R139W variants and a sequential two site binding model was assumed to fit the data
despite the fact that there is neither biochemical nor structural evidence that the two
observed binding sites in the homodimeric protein are interdependent or different
[17,33]. Depending on the experimental set-up the ratio of the two assumed binding
sites was variable rendering the sequential binding site mode unlikely. Importantly,
our ITC studies clearly demonstrate that these experimental artefacts can be avoided
by simply reversing the order of the titration leading to reproducible data that is in
accordance to the biochemical and structural background. We believe that this
observation may also have implications for other biochemical systems investigated
by ITC where one binding partner (in most cases this will be the macromolecule
rather than the small ligand) is unstable under the experimental conditions. In the
case of flavoproteins it is well-known that apo-proteins are much less stable than the
holoproteins in part due to the damaging effects required to prepare the apo-protein
as well as the intrinsic destabilisation of the overall protein structure due to depletion
of the flavin prosthetic group (mostly FMN or FAD) [36].

The detailed biochemical and structural analysis of the R139W variant
revealed only minor differences in comparison to wild-type NQO1. Similarly, pre-
steady state measurements yielded almost identical bimolecular rate constants for

both enzyme variants (Table 2). The reductive half reaction was extremely fast
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making it impossible to determine a reliable dissociation constant of NAD(P)H in our
experimental setup. This indicates a low affinity of the pyridine nucleotides resulting
in high Kp values as was already shown for the rat liver NQO1 [37]. Also, steady
state measurements with the two enzyme variants produced comparable results.
Interestingly, our measurements demonstrated that turnover hyperbolically increased
with higher concentrations of NADH of up to 10 mM (!) suggesting that a canonical
Michaelis-complex is not formed. This is in stark contrast to previous studies that
reported Ky values in the order of about 50 to 300 uM. However, these studies have
only covered a very low concentration range of NADH and thus failed to recognize
the non-classical behaviour of the enzyme [17,38]. These findings from pre-steady
state and the steady state kinetic measurements indicate that NADH rapidly reduces
the FAD cofactor of NQO1 without prior formation of a Michaelis-complex.

While the crystal structure of the previously studied variant NQO1 P187S
was similar to the wildtype structure the NMR measurements revealed considerable
movements of the residues [14]. In the case of the NQO1 R139W variant we found
that the crystal structure as well as the solution structure, as evidenced by NMR-
spectroscopy, is virtually identical to the wildtype protein (Figure 7). Self-association
of the R139W variant caused by the higher hydrophobicity could not be observed in
size exclusion chromatography. Nevertheless, we cannot exclude that under cellular
conditions self-association may take place or the surface changes result in altered
interaction with other proteins like the tumour suppressor p53. Tryptic digestion
shows a comparable stability of NQO1 WT and NQO1 R139W in contrast to the
faster degradation of NQO1 P187S as was already shown and confirmed in previous
studies [14,17]. The NQO1 R139W variant only slightly differentiates from the NQO1
WT concerning FAD affinity (ca. 2.5 times weaker binding) and thermostability, by ca.
2 °C. Thus it can be safely concluded that the expression of this variant in humans
has no adverse effect on the level of NQO1 activity. Therefore, the observed effects
are most probably primarily caused by erroneous splicing of the premature mRNA,
leading to the loss of exon 4 and thus reducing the amount of correctly spliced NQO1
in the cell [11].
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