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Abstract 

NAD(P)H:quinone oxidoreductase 1 (NQO1; EC 1.6.99.2) is a human FAD-

dependent enzyme that catalyzes the two-electron reduction of quinones to 

hydroquinones. NQO1 plays a crucial role in the antioxidant defense system, where it 

lowers quinone levels and thereby prevents the formation of reactive oxygen species 

(ROS). The level of NQO1 is also increased in several tumors making it an important 

target for quinone based anti-cancer prodrugs. 

There are two commonly occurring single nucleotide polymorphisms in the nqo1 

gene, NQO1*2 and NQO1*3, that result in protein variants with single amino acid 

replacements, P187S and R139W, respectively. The distribution of the homozygous 

NQO1*2 among the population varies between 2 and 20%, whereas NQO1*3 is less 

frequent with a distribution of 0 to 5%. The amino acid exchange P187S has been 

shown to severely compromise the activity and stability of the enzyme in vitro and the 

NQO1*2 genotype has been linked to a higher risk for several types of cancer. 

Additionally, this mutation is associated with poor prognosis after anthracycline-

based chemo-therapy. On the other hand, involvement of NQO1*3 in disease 

development is not well characterized.  

In the first part of this thesis the behavior of the R139W variant was investigated. It 

could be established that the variant protein displays similar biochemical and 

structural properties as the wild-type enzyme. Consequently, the diminished enzyme 

activity reported in cancer cells homozygous to NQO1*3 could be attributed to an 

erroneous splicing event. The second part of this thesis explores the possibility of 

restoring the activity and stability of the NQO1 P187S variant by using small-

molecular chaperones. A combination of methods was employed to first identify 

potential ligands by virtual screening and to characterize the properties of the most 

promising hit, N-(2-bromophenyl)pyrrolidine-1-sulfonamide (BPPSA), on the stability 

and activity of the protein in solution. Several biophysical and biochemical 

measurements indicated that binding of BPPSA to the P187S variant repopulated the 

native wild-type conformation. As a consequence of the stabilizing effect, the activity 

of the variant protein is also strongly improved. These results demonstrate that 

development of molecular chaperones is a promising concept for the stabilization of 
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unstable protein variants, where the designed molecules can be exploited as a 

treatment alternative in human diseases caused by protein instability. 
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Kurzfassung 

NAD(P)H:Chinon Oxidoreduktase 1 (NQO1; EC 1.6.99.2) ist ein menschliches FAD-

abhängiges Enzym, das die Zwei-Elektronen-Reduktion von Chinonen zu 

Hydrochinonen katalysiert. Es spielt eine wichtige Rolle im antioxidativen 

Abwehrsystem, wo es die Anzahl an Chinonen reduziert und so die Bildung von 

Reaktiven Sauerstoffspezies (ROS) verhindert. Das Level von NQO1 ist auch in 

mehrere Tumorarten erhöht, was dieses Protein zu einem wichtigen Ziel für die 

Entwicklung neuer Krebstherapien macht.  

Es gibt zwei häufig aufgetretene Einzelnukleotid-Polymorphismen (SNPs) in der 

Gensequenz von nqo1, NQO1*2 und NQO1*3, welche zu den Aminosäure-

Austauschen P187S und R139W in den Proteinsequenzen führen. Die Verbreitung 

von homozygotem NQO1*2 unter der Bevölkerung variiert zwischen 2 und 20%, 

während NQO1*3 mit 0 bis 5% weniger häufig ist. Die Proteinvariante P187S weist 

verglichen mit dem Wildtyp in vitro eine niedrigere enzymatische Aktivität und 

Stabilität auf. Der NQO1*2 Genotyp wird mit einem erhöhten Krebsrisiko in 

Zusammenhang gebracht, außerdem wird diese Mutation mit einer schlechten 

Prognose bei Anthrazyklin-basierter Chemotherapie assoziiert. Die Beteiligung von 

NQO1*3 an der Entstehung von Krankheiten ist hingegen nur unzureichend 

erforscht. 

Im ersten Teil dieser Dissertation werden Eigenschaften der R139W Proteinvariante 

untersucht. Es konnte gezeigt werden, dass diese Variante ähnliche biochemische 

und strukturelle Eigenschaften wie das Wildtyp-Enzym aufweist. Die verringerte 

Enzymaktivität in Krebszellen könnte folglich auf ein  fehlerhaftes Splicing 

zurückgeführt werden 

Im zweiten Teil der Arbeit wurde die Möglichkeit untersucht die Aktivität und Stabilität 

der NQO1 P187S Variante mithilfe kleiner molekularer Chaperone 

wiederherzustellen. Mithilfe einer Kombination verschiedener Methoden wurden 

zunächst mögliche Liganden durch virtuelles Screening identifiziert, danach wurde 

der  Einfluss der vielversprechendsten Komponente, N-(2-Bromphenyl)Pyrrolidine-1-

Sulfonamid (BPPSA), auf Proteinstabilität und Aktivität untersucht. Mehrere 

biophysikalische und biochemische Experimente zeigten, dass die Bindung von 
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BPPSA an die P187S Variante deren Konformation  als auch die Aktivität beeinflusst. 

Diese Ergebnisse zeigen, dass die Entwicklung molekularer Chaperone ein 

erfolgversprechendes Konzept für die Stabilisierung von instabilen Proteinvarianten 

darstellt, wobei die entwickelten Liganden als alternative Behandlungsmethode für 

durch Proteininstabilität verursachte menschliche Krankheiten verwendet werden 

können. 
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CHAPTER 1 

Introduction to flavoproteins and NAD(P)H:quinone 

oxidoreductase 1 

   



Introduction to flavoproteins and NQO1 

 

2 
 

Abbreviations 

FMN, flavin mononucleotide; FAD, flavin adenine dinucleotide; AMP, adenosine 

monophosphate; AIF, apoptosis inducing factor; MICAL, molecule interacting with 

CasL; LSD1, lysine-specific demethylase 1; NQO1, NAD(P)H:quinone 

oxidoreductase 1; NAD(P)+/NAD(P)H, nicotinamide adenine dinucleotide (phosphate) 

(oxidized and reduced); ARE, antioxidant response element; Nrf2, nuclear factor 

erythroid 2–related factor 2; Keap1, Kelch like ECH-associated protein 1; SOD, 

superoxide dismutase; PARP, poly ADP ribose polymerase; A1AT, alpha 1 

antitrypsin 
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Flavoproteins 

Riboflavin, or vitamin B2, is the precursor of flavin mononucleotide (FMN) and flavin 

adenine dinucleotide (FAD), the yellow colored cofactors of flavoproteins. As there is 

no biosynthesis of riboflavin in humans or animals, this makes it an essential part of a 

healthy diet. Riboflavin (which consists of an isoalloxazine ring system covalently 

linked to a ribityl chain at the N-10 position) has no role by itself in any human 

enzyme. Therefore, it has to be modified by riboflavin kinase (EC 2.7.1.26), which 

phosphorylates the ribityl side chain forming FMN and, when required, further 

modified by FAD synthetase (EC 2.7.7.2.), which attaches the adenosine 

monophosphate (AMP) moiety to yield the FAD form. [1-3] 

 

Figure 1. Synthesis of FMN and FAD from riboflavin. [1-3] 

 

Around 1-3% of bacterial and eukaryotic genomes encode for flavin dependent 

proteins, including 90 genes in the human genome. [1, 3]  A majority of flavoproteins, 

around 75% over all, use FAD as cofactor, whereas 25% use FMN. This ratio is even 

further shifted in the human flavoproteome, where 84% uses FAD and 16% FMN. 

Interestingly, there are also five enzymes in humans that require both cofactors. [1, 4] 

The cofactors are most of the time (90%) bound non-covalently to the protein with a 

dissociation constant in nanomolar or even lower range. [3, 4] There are, however, 

also cases where the flavin is covalently attached to the protein. This can happen 

either at the 8-α or the 6-position of the isoalloxazine ring or occasionally at both 

sides, and the covalent linkage take place either through one of the nitrogen atoms in 

the histidine, the thiol group in cysteine, the hydroxyl in tyrosine or the carboxyl group 

of aspartate. [3, 4] The covalent linkage naturally avoids the dissociation of the 
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cofactor, increases the protein stability as well as the resistance against proteolysis 

and increases the oxidative power of the enzyme. [5] 

Due to the fact that the flavin cofactor is redox active, which will be discussed in more 

detail later on, most of the flavoenzymes (around 91%) belong to the 

oxidoreductases. [4] There are several ways in which flavoproteins can be further 

classified, including which type of reaction they catalyse, their reactivity towards 

different substrates, physicochemical properties, sequence and fold. The so called 

“simple” flavoenzymes can be classified as oxidases, disulphide oxidoreductases, 

monooxygenases and reductases. The reductases also include dehydrogenases and 

electron transferases. [6] 

Redox properties of flavins 

It is the isoalloxazine ring system component of FMN and FAD that constitutes the 

redox-active part of the cofactors. The side chain of the cofactors, including the AMP 

moiety and the ribityl phosphate, does not take part in the reaction but is instead 

important for positioning of the cofactor in the active site of the enzyme. [3, 6, 7] 

Flavin cofactors can take part in both one- and two-electron transfer reactions as well 

as in activation of molecular oxygen. The cofactor can consequently exist in three 

oxidation states; oxidized, one-electron reduced (semi-quinone) and two-electron 

reduced (hydroquinone) state. The semiquinone can be in a neutral blue form, with 

an absorbance maximum around 500-600 nm, or in a red anionic form, with an 

absorbance maximum around 370-400 nm. The semi-quinone form, which is 

unstable with only around 5% formed in a solution of equimolar amount of oxidized 

and reduced flavin at pH 7.0, can be either largely stabilized or destabilized based on 

the interactions with the protein. The large spectral changes observed between the 

different oxidation states make it possible to follow the changes in the redox state of 

the flavin during the reaction. [1, 3, 5, 8]  

Redox potentials predict how easily the flavin accepts electrons and consequently 

gives information about the reactivity with different redox substrates as well as 

provide an estimate of the electrophilicity and nucleophilicity of the isoalloxazine ring. 

[3] The redox potentials for the two-electron reduction of the free FAD and FMN 

cofactors at pH 7.0 are -219 mV and -205 mV, respectively, and can be modulated in 

a range of 600 mV depending on the protein environment. [5, 7] The redox potentials 
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are highly dependent on the protein environment and are influenced by several 

factors including charges close to the isoalloxazine ring, hydrogen bonds, pi-stacking, 

van der Waals interactions, flavin modifications and covalent linkages to the protein. 

[5, 7] 

 

Figure 2. Overview of the redox states of flavin cofactors. The anionic hydroquinone 

state is usually stabilized in flavoenzymes. [9] 

 

The catalytic cycle of flavoenzyme reactions can generally be divided into a reductive 

and an oxidative half-reaction, where the two half-reactions can be studied 

individually by rapid reaction techniques. [3, 6] In the reductive half-reaction the flavin 

is first reduced by the first substrate, whereafter the second substrate in the oxidative 

half-reaction will reoxidize the flavin cofactor, usually after dissociation of the first 

product from the reductive half-reaction. Due to the prevalent reactivity of the 

reduced cofactor with molecular oxygen, the reductive half-reaction is mostly studied 

under anaerobic conditions. [6] In most cases one of the half-reactions is the 

biologically significant one whereas the other mainly restores the original state. [3]   

Biological processes  

Due to the versatility of reactions that can be catalysed by flavoproteins, they play a 

central role in a variety of biological processes, which in eukaryotes are mostly 

localized to the mitochondria. Most flavoenzymes take part in redox reactions in 

primary metabolic pathways including for example the citric acid cycle, -oxidation 
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and degradation of amino acids. Flavoproteins are also involved in the biosynthesis 

of other cofactors and hormones including for example coenzyme Q, heme, pyridoxal 

5-phosphate and steroids. [1] Flavoproteins have furthermore been shown to be 

involved in induction of apoptosis (apoptosis inducing factor, AIF) [10], regulation of 

the biological clocks [11], detoxification of aromatic compounds [12], disulphide bond 

formation in oxidative protein folding [13], axonal growth signalling (molecule 

interacting with CasL, MICAL) [14], chromatin remodelling (lysine-specific 

demethylase 1, LSD1) [15] and generation as well as scavenging of reactive oxygen 

and nitrogen species [16]. [17] Flavoproteins also play a role in several light 

dependent processes as for example photosynthesis [18], light dependent repair of 

DNA [19] as well as phototropism [20]. [6]  

Flavoproteins in disease 

A surprisingly large percentage, around 60%, of the human flavoproteins are linked 

to diseases caused by mutations in the relevant gene. Since many flavoproteins are 

localized to the mitochondria, many of the observed diseases are linked to 

mitochondrial processes. There are also examples where the mutation causes an 

amino acid exchange that influences the binding of the flavin cofactor to the protein, 

and in some of these cases it has been suggested that a supplementation of 

riboflavin could improve the concentration of flavin cofactor and consequently the 

amount of holo-protein in the cell. In many cases it is unclear how exactly the 

mutation results in the decreased cofactor binding, making protein substitution one of 

the best treatment options. [1] NAD(P)H:quinone oxidoreductase 1 (NQO1) is one of 

these enzymes where a mutation causes a decreased cofactor affinity. This will be 

discussed in more detail later on (Chapter 2 and 3).  
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NAD(P)H:quinone oxidoreductase 1 

NAD(P)H:quinone oxidoreductase 1 or NQO1 is a human FAD-dependent enzyme 

that catalyses the two-electron reduction of quinones to hydroquinones by utilizing 

NADH or NADPH as hydride donor. NQO1 is present as a homodimer with one FAD 

cofactor per protomer and the enzyme is primarily localized to the cytosol. [21]  

Structure of NQO1 

NQO1 is a homodimeric protein, where each protomer consists of two domains: the 

catalytic domain (consisting of 220 residues) that resembles the α/ fold of 

flavodoxins, and the C-terminal domain (made up of 54 residues), where the 

adenosine portion of NAD binds. The dimers have a high stability due to the large 

number of contacts between the protomers. [22-24] 

 

Figure 3. Structure of wild-type NQO1 (PDB code: 1d4a), with the catalytic domain 

coloured in blue, the C-terminal in red and the FAD cofactor in yellow. The figure was 

prepared with PyMOL. [25] 

The catalytic domain consists of five parallel β-sheets (β1- β5) alternating with 5 α-

helices (α1-α5), with an insertion of two α-helices (α6 and α7) and two antiparallel β-

sheets (β6 and β7) between the second β-sheet and second α-helix. The residues in 

the insertion are important for stabilization and protect the flavin from interactions 
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with other proteins. The secondary structure elements are then connected with loops 

(L1-L8). [22-24] 

The C-terminal domain on the other hand consists of two β-sheets (β8 and β9), an α-

helix (α8), two loops (L9-10) and a part of one loop from the catalytic domain (L8). 

The two catalytic sites are situated on the interface between the two dimers, and are 

made up of the FAD binding site, a region that binds the adenosine part of NAD(P)H, 

as well as a substrate binding site, where either the hydride acceptor (quinone 

substrate) or hydride donor (nicotinamide part of NAD(P)H) binds. The two identical 

active sites function independently of each other. [22-24] 

The isoalloxazine ring of the flavin is situated over loop L4, with which it has many 

interactions, including the main-chain atoms of residues 105-107 and the side chains 

of Leu-104 and Gln-105. It also has contact with loop L6, and four groups of the 

isoalloxazine ring system form hydrogen bonds with groups of the protein. The ribitol, 

diphosphate and adenosine parts of the flavin molecule are located in the cleft 

between the N-terminal parts of helices α1 and α5. [22-24] 

 

Figure 4. Overview of the active site of NQO1 WT (PDB code: 1d4a) with 

duroquinone bound as substrate. Duroquinone is situated in a good position for 

hydride transfer from FADH2 (here FAD is shown). Tyr-127 and Tyr-129 form 

hydrogen bonds to the quinone, while His-162 and Tyr-156 are involved in the 

catalytic mechanism. Adapted from reference [23] with PyMOL. [25] 

 

Tyr127 Tyr129 

Tyr156 

His162 
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The substrate binding pocket is made up of the isoalloxazine ring system that creates 

the floor of the pocket, while Tyr-127’ and Tyr-129’ from loop 5 form the roof of the 

pocket. Tyr-127’ and Tyr-129’ also interact with the substrates. The internal walls are 

formed by Phe-107, Trp-106 and His-162 of one protomer and Gly-175’ and Phe-179’ 

of the other protomer, together with two water molecules. His-162 gives rise to polar 

interactions that are of mechanistic importance. Substrate binding leads to 

substantial changes of some residues, including Phe-107, His-162, Phe-233’ and 

Tyr-129’. Additionally, Tyr-129’ plays an important role in protecting the C4a-C10a 

bond of the isoalloxazine ring from attacks by molecular oxygen. [22-24] 

Structural information is available for human, rat and mouse NQO1 and shows 

important differences in the enzymes, resulting in substantial changes in reactivity. 

The sequence identity is 86% between rat and human, 93% between mouse and rat 

and 86% between human and mouse, respectively. Interestingly, NQO1 from rat 

reduces natural substrates, as for example menadione, two to four times faster than 

the human NQO1. Also, chemotherapeutic prodrugs, including mitomycin C, EO9 

and CB1954, are reduced at a faster rate in rat NQO1 as compared to mouse and 

human NQO1. One of the most significant differences between human and rat NQO1 

is the exchange from Tyr-105 in rat to Gln in the human enzyme. The smaller side 

chain of Gln results in a larger FAD binding pocket in the human and mouse 

enzymes. Upon reduction of the flavin cofactor, bending of the isoalloxazine ring will 

therefore take place easier in the human and mouse enzymes, resulting in a more 

positive redox potential for these enzymes compared to rat NQO1. This is most 

probably the reason for the faster hydride transfer in the rat enzyme. One further 

difference occurs at the NAD(P) binding site, where Thr-131 in rat NQO1 is 

exchanged with Ala in human and mouse NQO1. This exchange results in a larger 

binding cleft in the case of the human and mouse enzyme, resulting in a lower affinity 

for NADH in the human and mouse enzymes. Mutagenesis studies of the residues in 

the two positions 105 and 130 of human and rat NQO1 have confirmed the 

importance of these residues for the reaction rate. [22, 24, 26] 
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Figure 5. Sequence alignment of human, mouse and rat NQO1 with the secondary 

structure elements labelled. The alignment is adapted from [22, 24]. 

Enzymatic mechanism of NQO1 

NQO1 has, due to the highly plastic active site, a broad substrate specificity and 

catalyses the reduction of a wide range of quinones, quinone-imines, 

dichlorophenolindophenol, methylene blue and azo and nitro compounds. [21, 27] 

Ortho as well as para quinones can be substrates for NQO1. Due to the obligatory 

two electron reduction of quinones catalysed by NQO1, formation of reactive oxygen 

species by one electron reductases can be prevented and therefore NQO1 plays an 

important role as a detoxifying enzyme. [24] Apart from two-electron reductions, also 

four-electron reductions of for example azo-dyes and nitro compounds can be 

catalysed by NQO1. Interestingly, it could be shown that the two protomers of NQO1 

function independently in the conversion of two-electron substrates but dependently 

in the case of four-electron substrates. [28] 
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Since both the nicotinamide part of NAD(P)H and the quinone bind to the same site, 

the mechanism has to occur through a ping-pong mechanism. During this process 

two hydride steps take place: the first one from the NAD(P)H to the FAD and the 

second from the reduced FADH2 to the quinone substrate. Residues His-162 and 

Tyr-156 have been shown to play crucial roles in the mechanism. After the first 

hydride transfer, a negative charge is formed in the flavin. This charge has to be 

stabilized, which under normal conditions would happen by moving the negative 

charge to the N1 position of the isoalloxazine ring. However, since N1 in NQO1 forms 

a hydrogen bond to Gly-150, the charge has to be stabilized in a different way, most 

likely through tautomerisation to the enolic form, which positions the negative charge 

on the O2 in the isoalloxazine ring. Since the OH group of residue Tyr-156 forms a 

hydrogen bond to O2, a proton can be transferred from Tyr-156. Tyr-156 is then 

stabilized by the positive charge of His-162. 

After NAD(P)+ leaves, the quinone substrate binds in such a way that it can easily 

accept a hydride from FADH2; consequently the quinone is reduced to its 

hydroquinolate form at the same time as the flavin is reoxidized. The proton at the O2 

position of the isoalloxazine ring is transferred back to Tyr-156 and His-162 is 

reprotonated again, whereafter it can either transfer a proton to the hydroquinolate or 

stabilize its negative charge. [23, 24] 

Single nucleotide polymorphisms in the nqo1 gene  

There are two commonly occurring single nucleotide polymorphisms in the nqo1 

gene, NQO1*2 and NQO1*3, that result in protein variants with single amino acid 

replacements, P187S and R139W, respectively. The distribution of the homozygous 

NQO1*2 among the population varies between 2 and 20% depending on the ethnic 

background and has the highest prevalence in the Asian population. [29] NQO1*3 on 

the other hand is less frequent with a distribution of 0 to 5%. [30] 

The NQO1*2 genotype is associated with an increased toxicity of benzene and 

higher risk for several types of cancers including lung, colon, breast and leukemia. 

Additionally, an adverse breast cancer outcome has been reported after 

anthracycline-based chemo-therapy, with a survival rate of 17% for patients with the 

NQO1*2 genotype compared to 75% for other genotypes [31, 32]. 
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Figure 6. Mechanism of the two-electron reduction of quinones by NQO1. The thick 

grey arrows indicate that the compound is released from the protein. Adapted from 

[23, 24]. 

 

A recent study investigated the structural characteristics of the NQO1 P187S variant 

and concluded that the single amino acid exchange destabilizes interactions between 

the core and C-terminal domain of the variant protein in solution. It has also been 

shown that the cofactor affinity and consequently also the activity are negatively 

affected in the variant protein as a consequence of the structural instability [33]. 

On the other hand, involvement of NQO1*3 in disease development is not well 

characterized. It has been demonstrated that the nucleotide transition changes the 

splicing of pre-mRNA, leading to exon-4-deleted mRNA, thus explaining the 

decreased amount of correctly spliced protein in HCT-116R30A cells. [34] A 

biochemical and structural study of the NQO1 R39W variant is the main topic of 

Chapter 2. 
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Biological roles of NQO1  

NQO1 has been shown to be highly inducible under oxidative stress conditions as a 

mechanism of the cellular protection system. [35] The Keap1/Nrf2/ARE pathway 

mediates the induction of the nqo1 gene; this pathway is involved in controlling the 

expression of over 100 cytoprotective genes. The pathway involves three main 

components: the antioxidant response element (ARE, which are sequences in the 

regulatory part of the genes), the nuclear factor erythroid 2–related factor 2 (Nrf2, 

which is a leucine zipper transcription factor that together with a small Maf protein 

binds to the ARE), and Kelch like ECH-associated protein 1 (Keap1). The latter is a 

repressor protein that binds Nrf2 and promotes the ubiquitination and proteasomal 

degradation of the transcription factor by working as an adapter to Cul3-based E3 

ligase. Under stress conditions reactive cysteine residues of Keap1 are modified by 

inducers that react with sulfhydryl groups of the protein. Because of these 

modifications, Keap1 undergoes a conformational change and can no longer target 

Nrf2 for degradation. The stabilized transcription factor then translocates to the 

nucleus where it binds to ARE, thereby triggering expression of NQO1, see Figure 7. 

[36, 37]  

 

Figure 7. Overview of the Keap1/Nrf2/ARE pathway and how it leads to the 

expression of NQO1. Adapted from reference [36]. 
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The reduction of quinones to hydroquinones is highly efficiently catalysed by NQO1. 

As already mentioned, the two-electron reduction prevents formation of 

semiquinones and consequently prevents the formation of reactive oxygen species. 

The hydroquinone formed can, depending on the properties of the compound, either 

result in detoxification or toxicity. [35] NQO1 can for example reduce the endogenous 

substrates coenzyme Q9 and coenzyme Q10 and α-tocopherol quinone, thereby 

forming the antioxidant version of these compounds. These compounds are crucial 

for the redox system of the plasma membrane and hence help in the protection 

against oxidative stress and lipid peroxidation. [38] NQO1 has been shown to be 

overexpressed in many tumours, including breast, lung, colon and liver, making it an 

ideal target for anti-cancer therapy. Since the level of NQO1 is increased in many 

tumours compared to normal tissue, many anticancer prodrugs that can be 

bioactivated by NQO1 have been developed. [27] Examples of compounds that can 

be activated by NQO1 include mitomycin C, E09, -lapachone and CB1954. The 

chemical structures can be seen in Figure 8. [21, 24, 39] 

 

 

Figure 8. Chemical structure of mitomycin C, EO9, -lapachone and CB1954, all are 

prodrugs that can be activated by NQO1. [21, 24, 39] 
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NQO1 also shows a limited superoxide reductase activity because of the flavin 

cofactor that can reduce superoxide and form hydrogen peroxide. However, unless 

the level of NQO1 is very high in comparison to the level of superoxide dismutase 

(SOD), it is unlikely that this activity is of relevance to the cell. [35, 38] 

The redox modulation of NAD(P)H/NAD(P)+ due to the conversion of different 

quinone substrates by NQO1 is also suggested to be of importance since higher 

levels of NAD+ can result in activation of poly ADP ribose polymerase (PARP) and 

sirtuins. [35] PARP is involved in DNA repair caused by oxidative stress, whereas 

sirtuins have been demonstrated to be play a protective role against oxidative stress. 

[38] 

Apart from the biological functions directly related to the enzymatic activity, NQO1 

also demonstrates other important roles. These include for example the interaction of 

NQO1 with tumour suppressors like p53, p33 and p73, resulting in protection of these 

tumour suppressors from ubiquitin-independent degradation by the 20S proteasome. 

[40-42] 

NQO1 has also been shown to be involved in the polymerization of microtubule, 

since inhibition of the enzyme turned out to be associated with microtubule 

depolymerisation. A possible explanation for the involvement of NQO1 could be that 

some quinone substrates need to be reduced by NQO1 in order to avoid 

depolymerisation. Another option could be that there is a direct interaction between 

NQO1 and microtubule, or alternatively that tubulin is a substrate of NQO1. [43] 

NQO1 has also been identified as one of several FAD oxidoreductases that bind to 

mRNA. It could be demonstrated that NQO1 binds to mRNAs in human HepG2 cells, 

including the SERPINA1 mRNA, which encodes alpha 1 antitrypsin (A1AT), 

consequently leading to an elevated translation. It is therefore possible that NQO1 

plays a role in controlling translation. [35, 38, 44] 
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Figure 9. Summary of the different functions of NQO1, the scheme is adapted from 

[35, 36]. 
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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, p33ING1b 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 p33ING1b, 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 mRNAs 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 β-

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 quinone-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.  
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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).  

 

Figure 1. UV-visible and difference titration absorption spectra of wild-type 

NQO1 and NQO1 R139W. A: Difference titration spectra of 800 µl NQO1 R139W (45 

µM) with 0-42 µl in 2 µl 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 µl 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 NQO1 

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 NQO1 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  

+SYPRO® Orange  

52.8 51.2 

Apoprotein in50 mM HEPES, pH 7  

+SYPRO® Orange 

50.8 48.5 

 

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 KD values for the NQO1 R139W variant as 155 ± 27 nM, which 

is 2.5-fold higher than the KD 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 

μl of 298 μM NQO1 R139W apoprotein solution in 29 μM FAD solution and 300 

seconds spacing (top) at 25 °C. From three independent measurements under the 

same conditions the dissociation constant was calculated to KD = 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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Fig. 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 μl and 49 injections with 6 μl of 477 μM 

FAD solution in 49.4 μM NQO1 apo-protein solution and 300 seconds spacing at 

25 °C. The determined KD and N values are: KD1 = 9,2 nM; KD2= 780 nM; N1 = 0,47; 

N2 = 0,5. Middle: First injection with 2 μl and 27 injections with 10 μl of 457 μM FAD 

solution in 46.8 μM NQO1 apo-protein solution and 600 seconds spacing at 25 °C. 

The determined KD and N values are: KD1 = 4 nM; KD2 = 295 nM; N1 = 0,18; N2 = 

0,71 

The right measurement was conducted with FAD in the sample cell of the 

microcalorimeter and apo-NQO1 in the injection syringe. Data was fitted using the 

one binding site model. First injection with 2 μl and 34 injections with 6 μl of 284 μM 

NQO1 apoprotein solution in 29 μM FAD solution and 300 seconds spacing at 25 °C. 

From three independent measurements under the same conditions the dissociation 

constant was calculated to KD = 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 
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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 

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. 

 

 

Fig.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.  
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Table 2. Reductive half reaction. Bimolecular rate constants (with standard 

deviations) of NQO1 WT and NQO1 R139W with NADH or NADPH as reducing 

agent. 

Protein NADH kred  (M
-1s-1) NADPH kred  (M

-1s-1) 

NQO1 WT 3.9 x 106 ± 0.4 x 106 7.3 x 106 ± 1.4 x 106 

NQO1 R139W 4.6 x 106 ± 0.2 x 106 8.2 x 106 ± 0.2 x 106 

 

As summarised in Table 3 and seen in Figure 5, the values for kcat and KM 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.  

Table 3. Steady state kinetic parameters for NQO1 and NQO1 R139W. Kinetic 

parameters with standard deviations determined for NQO1 and NQO1 R139W, using 

NADH as electron donor and menadione as electron acceptor. 

  

kcat,app  

(s-1) 

NADH 

KM,app (mM) 

 

kcat,app 

/KM,app  

(mM-1s-1) 

 

kcat (s
-1) 

Menadione 

KM (µM) 

 

kcat /KM  

(µM-1s-1) 

NQO1 WT 1590 ± 52 3.22 ± 0.27 494 ± 44 1830 ±  82 11.6 ± 2.2 158 ± 31 

NQO1 

R139W 

1580 ± 73 3.31 ± 0.38 478 ± 60 1730 ±  100 10.6 ± 2.8 162 ± 44 

 

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). The 

structure was determined to 2.1 Å 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 Å for a 

superposition of (on average) 224 out of 271 Cα-atoms. The subunit structure of the 

R139W variant is also virtually identical to the wild-type structure with the exception 
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of the amino acid replacement at position 139 (Figure 6). The respective average 

rmsd in this case is 0.18 Å for a superposition of 230 out of 271 Cα-atoms. 

 

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 NQO1 R139W (D). Standard 

deviations are shown with error bars. 

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. 
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Table 4. Data collection and refinement statistics.  

 NQO1 R139W 

Data collection  

X-ray source SLS-X06DA 

Wavelength (Å) 1.0 

Temperature 100 K 

Space group P1 

Cell dimensions  

    a, b, c (Å) 54.61, 59.93, 99.83 

   (°)  
 

100.37, 92.85, 90.22 

Resolution (Å)* 49.03-2.09 (2.17-2.09) 

Total reflections 194450 (16603) 

Unique reflections 67587 (5937) 

Multiplicity* 2.9 (2.8) 

Completeness (%)* 97.1 (86.89) 

Rmeas 0.093 (0.339) 

Rmerge 0.076 (0.296) 

<I/σI>* 12.27 (4.1) 

CC1/2* 0.995 (0.906) 

CC* 0.999 (0.975) 

Refinement  

Resolution (Å) 49.03-2.09 
 Rwork / Rfree 0.1693 / 0.2013 

No. of atoms  

    Protein 8659 

    Cofactor/ligands 240 

    Water 1052 

Mean B-factors (Å2)  

    Protein 23.40 

    Cofactor/ligands 26.60 

    Water 32.30 

    All atoms 24.40 

R.m.s. deviations  

    Bond lengths (Å) 0.004 

    Bond angles (°) 0.95 
 
 

Ramachandran outliers (%) 0 

PDB-entry 5A4K 

*Values in parentheses are for highest-resolution shell. 
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Figure 6. Crystal structure of NQO1 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 3σ for the isoalloxazine 

moiety of FAD bound to one of the subunits (left) and for tryptophan 139 (right). 

 

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).  

C 
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Figure 7. 2D 1H-15N HSQC spectra. Overlay of the 2D 1H-15N HSQC spectrum of 

NQO1 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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Discussion 

NQO1 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 

P187S variant prompted us to initiate a parallel study on the R139W variant caused 

by a single nucleotide transition in the nqo1 gene (NQO1*3).  

 

Figure 8. Trypsin digestion of different NQO1 variants. Comparison of Trypsin 

digestion of three NQO1 variants without addition of Trypsin (0 minutes) and two 

measurements after addition of Trypsin (5 and 10 minutes). 

 

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 
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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 

[17,23]. 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). [24] 

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 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 KD values as was already shown for the rat liver NQO1 [25]. Also, steady 

state measurements with the two enzyme variants produced comparable results. 

Interestingly, our measurements demonstrated that turnover hyperbolically increased 
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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 KM values in the order of about 50 to 300 µM. 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, 26]. 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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Experimental Procedures 

Reagents 

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 nqo1, 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 NQO1 in a 

pET28a vector was modified with the Quick Change II XL Site-Directed Mutagenesis 

Kit (Agilent, Santa Clara, CA, USA) according the provided manual with gene specific 

primers from Eurofins (Luxembourg). 

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, Müllheim, Germany). 800µl of NQO1 R139W (45 µM) in 

the sample cell was titrated with 0-42 µl (in 2 µl intervals) and 52 µl and 62 µl in (10 µl 

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, Baden-Daettwil, 

Switzerland). The scattering patterns were measured with a 60-min exposure time 

(20 frames, each 3 min) with a solute concentration of 300 µM. 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 
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0.010 < s < 0.63 Å−1 was covered (s = 4π sin(θ)/λ, where 2θ is the scattering angle, 

and λ is the X-ray wavelength, in this case 1.5 Å. 

All SAXS data were analyzed with the ATSAS package (version 2.8, Hamburg, 

Germany). The data were processed with SAXSQuant (version 3.9) and desmeared 

with GNOM [27]. The forward scattering (I(0)), the radius of gyration, (Rg), the 

maximum dimension (Dmax) and the interatomic distance distribution function ((P(r)) 

were computed with GNOM [27]. 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 

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 µM menadione (ε333nm = 

2,450 M-1cm-1, dissolved in ethanol, final concentration in the cuvette 1% v/v) and 1-

10 mM NADH (ε340nm = 6,220 M-1cm-1) 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 µM menadione  (dissolved in ethanol, final concentration in the 
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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 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 kinetic parameters were 

determined using 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 4 °C. Buffer were first 

flushed with nitrogen and thereafter incubated in the glove box. In the same way 

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 µM protein was mixed with 50-2500 µM 

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 Li2SO4, 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 µL, with equal amounts of 

protein and precipitant solution. Yellow crystals grew to full size (~ 100 µm) 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 Å resolution from a single 

triclinic crystal (space group P1) at the Swiss Light Source (SLS) of the Paul Scherrer 
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Institute in Villigen, Switzerland (beamline X06DA). The data were processed using 

the program XDS [28]. The calculated Matthews coefficient [29] indicated the 

presence of four molecules per asymmetric unit. The structure was determined by 

molecular replacement using the program PHASER [30] and the wild type structure 

of NQO1 (PDB code: 1QBG) as search template. 

Rfree values were computed from 5% randomly chosen reflections which were not 

used during refinement [31]. Structure refinement and model rebuilding were carried 

out with the programs PHENIX [32] and COOT [33,34] by alternating real-space 

fitting against σA-weighted 2Fo – Fc and Fo – Fc electron density maps and least 

square optimizations. Validation of the structure was carried out with the program 

MOLPROBITY [35] 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 [36]. 

Figures were created using the program PyMOL (http://www.pymol.org). 

The final model was refined to R = 16.9% and Rfree = 20.1%. Details of the data 

reduction and structure refinement are listed in Table 4. 

Limited proteolysis 

NQO1 and NQO1 R139W (30 μM 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 μg/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) [14,17,23,37]. 

15N-Labelling of NQO1 and NQO1 R139W 

Minimal medium containing 6.8 g/l Na2HPO4, 3 g/l KH2PO4, 0.5 g/l NaCl, 1 g/l 

15NH4Cl, 3 g/l glucose, 1 μg/l biotin, 1 μg/l thiamin, 50 μg/ml kanamycin and 1 ml 

1000x microsalts [150 mM CaCl2, 20 mM, FeCl3, 50 mM H3BO3, 150 µM CoCl2, 800 

µM CuCl2, 1.5 mM ZnCl2, 15 µM (NH4)6Mo7O24·4H2O] was used for protein 

expression as described in Lienhart and Gudipati et al. [14].  
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NMR spectroscopy  

All NMR experiments were carried out with a Bruker Avance III 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% H2O and 10% D2O were used. For the 1H-15N 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 

[38]. The tested proteins (100 µM for FAD and 10 µM 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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Abstract 

NAD(P)H:quinone oxidoreductase 1 (NQO1) is a human FAD-dependent enzyme 

that plays a crucial role in the antioxidant defense system. The level of NQO1 is also 

increased in several tumors making it an important target for quinone based anti-

cancer prodrugs. A naturally occurring single nucleotide polymorphism (NQO1*2) in 

the NQO1 gene leads to an amino acid exchange (P187S), which severely 

compromises the activity and stability of the enzyme. The NQO1*2 genotype has 

been linked to a higher risk for several types of cancer and poor survival rate after 

anthracycline-based chemo-therapy. This study investigates the possibility to restore 

the activity and stability of the NQO1 P187S variant by using small-molecular 

chaperones. By employing a combination of methods to characterize the effect of the 

best hit, N-(2-bromophenyl)pyrrolidine-1-sulfonamide, on the stability of the protein in 

solution, it could be demonstrated that the variant protein repopulates the native wild-

type conformation at the same time as the C-terminal is stabilized. As a consequence 

of the stabilizing effect the enzymatic activity of the variant protein in vitro is also 

strongly improved in the presence of the ligand. Therefore, our study demonstrates 

that development of molecular chaperones is a promising concept for the stabilization 

of unstable protein variants, where the designed molecules can be exploited as a 

treatment alternative in human diseases caused by protein instability.  
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Abbreviations 

BPPSA, N-(2-bromophenyl)pyrrolidine-1-sulfonamide; HDX-MS, hydrogen-deuterium 
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coherence; NQO1, NAD(P)H:quinone oxidoreductase 1; PDB, protein data bank; 

SAXS, small-angle X-ray scattering; SNP, single-nucleotide polymorphism; WT, wild-

type. 

Keywords 

NQO1, cancer, single-nucleotide polymorphism, chemical chaperone, quinone, 

chemotherapeutics 

  



Rescuing the stability and activity of the P187S variant of NQO1 

 

55 
 

Introduction 

NAD(P)H:quinone oxidoreductase 1 (NQO1; EC 1.6.99.2) is a human FAD-

dependent enzyme catalyzing the two-electron reduction of quinones to 

hydroquinones. NQO1, for instance, plays an important role in the antioxidant 

defense system where it lowers the quinone levels and thereby prevents the 

formation of reactive oxygen species (ROS). Furthermore, it binds to the 20S 

proteasome, thus rescuing several tumor suppressors like p33ING1b, p53 and p73 

from proteasomal degradation [1, 2]. Due to the broad substrate specificity, NQO1 

can activate chemotherapeutic prodrugs, as for example mitomycin C and -

lapachone, and since the level of NQO1 is increased in several tumors, the quinone-

based chemotherapeutic will also act specifically on the tumor cells [3-5]. 

A naturally occurring single nucleotide polymorphism (NQO1*2) in the NQO1 gene 

(C609T, on chromosome 16q22.1) results in the replacement of proline 187 to serine 

(P187S) in the protein sequence [6]. The distribution of the homozygous NQO1*2 

among the population varies between 2 and 20% depending on the ethnic 

background and is most common in Asian populations [7]. The NQO1*2 genotype is 

associated with an increased toxicity of benzene and higher risk for several types of 

cancers including lung, colon, breast and leukemia. Additionally, an adverse breast 

cancer outcome has been reported after anthracycline-based chemo-therapy, with a 

survival rate of 17% for patients with the NQO1*2 genotype compared to 75% for 

other genotypes [8, 9]. 

A previous study gave insights into the structural characteristics of the NQO1 P187S 

variant, and concluded that the single amino acid exchange destabilizes interactions 

between the core and C-terminal domain of the variant protein in solution. It could 

also be shown that the cofactor affinity and thereby also the activity are affected in 

the variant protein as a consequence of the structural instability [10]. This led to the 

idea that binding of small molecules to NQO1 may affect the conformational 

dynamics of the protein such that the native structure is stabilized thereby rescuing 

the activity of the variant protein. 

Here we report on the effect of a ligand that binds to and stabilizes the NQO1 P187S 

variant and consequently rendering the conformation of the variant more similar to 

that of the wild-type protein. Moreover, it could be demonstrated that, as a result of 
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the stabilizing effect, the ligand improves the enzymatic activity of the NQO1 P187S 

variant in vitro and in vivo. 
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Results  

Virtual and initial in vitro screening of possible stabilizing ligands 

Initially, the goal of the virtual screening was to identify a small molecule that binds to 

the variant protein and may exert a stabilizing effect. The docked molecules from the 

ZINC database were ranked according to the binding free energy. A subset of the 

best hits were selected for an initial in vitro screening using the ThermoFAD method, 

where N-(2-bromophenyl)pyrrolidine-1-sulfonamide (BPPSA) stood out as the ligand 

leading to the largest stabilizing effect, with an increase in melting temperature of 1 

°C for the wild-type and 2.5 °C for the NQO1 P187S variant. Because of the 

promising stabilizing effects of BPPSA, further experiments were performed 

investigating the effects of this compound on the stability and activity of NQO1 

P187S as well as NQO1 WT. 

Binding and stabilizing effect of N-(2-bromophenyl)pyrrolidine-1-sulfonamide 

To further investigate how the ligand BPPSA influences the stability of NQO1, limited 

proteolysis experiments were performed in the presence and absence of BPPSA. In 

Figure S1 the resulting SDS-PAGE analyses are displayed. Apparently, both the 

wild-type and variant protein is partly stabilized in the presence of BPPSA. However, 

the stabilizing effect is different for the two proteins and correlates with the loss of 

peptides at the C-terminus (Figure 1). 

The binding of BPPSA to the wild-type and the P187S variant could also be 

monitored using difference UV-Vis absorption spectroscopy. As shown in Figure 2, 

titration of BPPSA to wild-type protein produces a sharp endpoint whereas the 

equivalent experiment with the variant leads to a biphasic binding behavior. In both 

cases, however, the absorption changes are similar and clearly indicate that binding 

of BPPSA affects the absorption properties of the FAD cofactor. 

The binding of the ligand was further investigated by isothermal titration calorimetry 

(ITC). The dissociation constants for the binding of BPPSA to NQO1 WT and NQO1 

P187S could be determined to be 8.1  0.2 µM and 20.0  0.2 µM respectively, see 

Figure 3. 
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Figure 1. Limited trypsin proteolysis and MALDI-TOF analysis of NQO1 WT and 

NQO1 P187S in presence and absence of BPPSA. The compound stabilizes both 

the wild-type and the variant protein. (A) SDS-PAGE displaying the digestion over 

time for NQO1 WT and NQO1 P187S in presence and absence of BPPSA. Lane 1 

and 2 show protein without trypsin (O BT) and protein taken out directly after addition 

of trypsin (O AT), lane 3-8 show the digestion after 5-130 minutes and the last lane 

show the digestion overnight. (B) Theoretical fragments after trypsin digestion 

(displayed in red) were used to determine which part of NQO1 WT (blue) and NQO1 

P187S (pink) that was stabilized by the compound over time, areas illustrated with a 

gradient could not be assigned due to too less information. (C) Peptides observed 

after MALDI-TOF analysis of the stabilized SDS gel bands.  
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Figure 2. Difference absorption spectra of the ligand BPPSA to NQO1 WT and 

NQO1 P187S. UV-visible difference absorption spectra of (A) 40 µM NQO1 WT 

titrated with BPPSA (0-104 µM), the absorption spectra in the range from 350 nm to 

550 nm are displayed in different shades of blue. The inset shows a plot of the 

change in the absolute absorption values at 444 nm and 496 nm against the 

concentration of BPPSA. (B) UV-visible difference absorption spectra of 40 µM 

NQO1 P187S titrated with BPPSA (0-122 µM), the absorption spectra in the range 

from 350 nm to 550 nm are displayed in different shades of red. The inset shows a 

plot of the change in the absolute absorption values at 440 nm and 491 nm against 

the concentration of BPPSA.  
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Figure 3. Isothermal titration calorimetry measurements of BPPSA titrated with 

NQO1 WT or NQO1 P187S. The dissociation constants for the binding of BPPSA to 

NQO1 WT and NQO1 P187S could be determined to be 8.1  0.2 µM and 20.0  0.2 

µM respectively. 

 

 

NMR spectroscopy, SAXS and HDX-MS measurements 

Several different methods were used to assess the stability of wild-type and the 

P187S variant in the presence and absence of BPPSA in solution. It was earlier 

demonstrated that the 1H-15N-HSQC spectra of wild-type NQO1 and the P187S 

variant exhibit dramatic differences. [10] While the HSQC of the wild-type enzyme is 

indicative of a relatively rigid and well-structured protein, the P187S variant mainly 

shows signals in the random coil region, which likely results from increased flexibility 

of this variant (Figure 4A). The addition of BPPSA to NQO1 P187S significantly 

improves the quality of the HSQC (Figure 4B), which is indicative for reduced mobility 

of amino acid residues in the protein structure. In fact, the spectrum of the P187S 

variant in the presence of BPPSA is similar to wild-type NQO1 and almost identical to 

wild-type with bound ligand (Figure 4C and 4D). This also confirms that the ligand 

binds in the same way to the wild-type and variant protein. 

SAXS measurements revealed that both wild-type and the variant protein occur as 

dimers in solution. However, the P187S variant featured an increase in both radius of 

gyration (Rg) and maximum distance (Dmax) compared to the wild type protein (Rg of 

2.60 and 3.04 nm, Dmax of 8 and 11 nm for wild-type and the variant protein, 

respectively). This indicates a more extended conformation of the P187S dimer 

compared to the wild type protein. The addition of BPPSA led to a decrease in both 

Rg and Dmax for the P187S variant, whereas no significant changes were observed for 

the wild-type protein (Rg of 3.04 and 2.69 nm and Dmax of 11 and 9 nm, for the P187S 

variant in the absence and presence of BPPSA, respectively). This indicates that the 

NQO1 P187S variant undergoes a compaction towards the native conformation upon 

binding of BPPSA (Figure 5A). 
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Figure 4. 1H-15N HSQC spectra of NQO1 WT and P187S in presence and 

absence of BPPSA. Overlay of 1H-15N HSQC spectra of a) NQO1 P187S (pink) and 

NQO1 WT (light blue), b) NQO1 P187S (pink) and NQO1 P187S with BPPSA 

(maroon), c) NQO1 P187S with BPPSA (maroon) and NQO1 WT with BPPSA (dark 

blue), d) NQO1 WT (light blue) and NQO1 WT with BPPSA (dark blue). 

 

The conformational dynamics of the P187S variant was also investigated by 

hydrogen-deuterium exchange coupled to mass spectrometry (HDX-MS). This 

method gives information about the changes in conformation dynamics of the protein 

under different conditions, in our case in the presence and absence of BPPSA. As 

can be seen in Figure 5B, BPPSA stabilized the flexible C-terminal part of the variant 

protein leading to slower incorporation of deuterium.  
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Crystal structure and docking 

The strong stabilizing effect of BPPSA observed with the solution methods, prompted 

us to elucidate the exact binding site using x-ray crystallography (see Figure 5B-C 

and Table 1). Therefore, wild-type NQO1 was co-crystallized with BPPSA and the 

structure was determined to a resolution of 2.7 Å. As shown in Figure 5C, the overall 

structure of the protein is identical to previously described structures of wild-type 

NQO1 and the P187S variant. [10] Although, we obtained rather weak electron 

density for BPPSA in the active site of the protein near the isoalloxazine ring of the 

FAD cofactor, docking calculations were used to interpret the electron density and 

suggested that the ligand can bind in two possible ways with either the bromophenyl- 

or the sulfonyl group fitting in the electron density (Figure 5D).  

 

Figure 5. SAXS radial density distribution, conformational dynamics observed 

by HDX-MS and crystal structure of NQO1 WT with docked ligand. A. Small-

angle scattering measurement of NQO1 WT and P187S in presence and absence of 

BPPSA. The SAXS data displays a comparison of the experimental radial density 
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distribution (P (R)) of NQO1 WT control (dark blue), NQO1 WT with BPPSA (light 

blue), NQO1 P187S control (maroon) and NQO1 P187S with BPPSA (pink). B. 

Structure of NQO1 P187S with colors corresponding to the relative incorporation of 

deuterium, ∆Drel, between NQO1 P187S in presence of BPPSA relative to NQO1 

P187S without BPPSA after 6 min of deuteration. The scale bar indicates the 

changes in ∆Drel where blue corresponds to less incorporation of deuterium and red 

to higher incorporation. C and D. Structure of NQO1 WT with BPPSA. C. Overall 

structure of NQO1 WT with the 2 protomers colored in different shades of blue. The 

amino acid position P187 that is exchanged to serine in the variant protein is 

highlighted. FAD is colored yellow and the ligand is colored pink. D. Binding of the 

ligand to the active site illustrated in pink with an overlay of the two possible 

orientations with different transparency. The possible interacting residues Tyr-127 

and Thr-128 are displayed with light blue stick representation and the catalytic 

residues Tyr-156 and His-162 are shown in dark blue. 

 

Inhibition and activation assays 

Since the crystal structure together with the HDX-MS measurements indicated that 

BPPSA binds to the active site, it was of interest to find out whether it acts as an 

inhibitor. From inhibition assays without co-incubation of ligand and NQO1, IC50-

value were calculated to be 8.6 ± 1.1 µM for NQO1 WT and 26.2 ± 1.2 µM for NQO1 

P187S respectively from the inhibition curves displayed in Figure 3A. However, if the 

protein is co-incubated with the ligand, an activation effect can be observed, with an 

increase in activity especially for the variant protein as can be seen in Figure 3B. The 

largest activating effect, leading to an 80% increase in activity for the variant protein, 

could be observed at a final concentration of 400 nM ligand. 

Steady state kinetics 

Based on the activation assay, the concentration of ligand that exhibited the largest 

increase in activity was selected, and steady state kinetic parameters were 

determined for NQO1 P187S and WT in the presence and absence of BPPSA. As 

can be seen in Figure 6C-F and Table 2, presence of the ligand results in an 

increase in kcat/KM for both NADH and the quinone substrate menadione in the case 

of the variant protein. Under the same conditions no substantial change in activity 

can be observed for NQO1 WT.  
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Table 1. Data collection and refinement statistics for the crystal structure of NQO1 

WT with BPPSA. 

 
NQO1 WT complex with 

BPPSA 

Wavelength (Å) 1.009 

Resolution range 52.75-2.76 (2.86-2.76) 

Space group P3112 

Unit cell (Å, °) 
a=b=121.37, c=158.25 

==90, =120 

Total reflections 641366 (81424) 

Unique reflections 34531 (4561) 

Multiplicity 18.6 (17.9) 

Completeness (%) 100 (100) 

<I/(I)> 15.1 (5.3) 

Wilson B-factor (Å2) 49.0 

Rmerge 0.158 (0.587) 

Rmeas 0.162 (0.604) 

Rpim 0.038 (0.142) 

CC1/2 0.996 (0.950) 

Reflections used in 

refinement 
34483 (3393) 

Reflections used for Rfree 1717 (139) 

Rwork 0.2180 (0.3038) 

Rfree 0.2903 (0.3797) 

CCwork 0.825 (0.810) 

CCfree 0.836 (0.745) 

Number of non-H atoms 8860 

Macromolecules 8616 

Ligands 244 

Average B-factor (Å2) 43.6 

Macromolecules 43.8 

Ligands 38.1 

RMSD bonds (Å) 0.009 

RMSD angles (°) 1.2 

Ramachandran plot 

favoured/allowed/outliers 

(%) 

96.6/3.4/0.0 

Rotamer outliers (%) 1.3 

Clashscore 8.5 
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Figure 3. Inhibition, activation and steady state kinetic assays for NQO1 WT 

and P187S in presence and absence of BPPSA. Inhibition by BPPSA is in (A) 

shown for NQO1 WT (in blue) and NQO1 P187S (in pink) and the corresponding 

IC50 values were calculated to be 8.55 µM for NQO1 WT and 25.9 µM for NQO1 

P187S. (B) Activation of NQO1 WT (dark blue) and NQO1 P187S (maroon) in 

presence of BPPSA. The velocity v over the enzyme concentration is plotted against 

the concentration of NADH for (C) NQO1 P187S and (D) NQO1 WT and against the 

concentration of menadione for (E) NQO1 P187S and (F) NQO1 WT.  
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Table 2. Steady state kinetic parameters determined for NQO1 WT and NQO1 

P187S with and without BPPSA. Kinetic parameters with standard errors were 

determined for NQO1 WT and NQO1 P187S, using NADH as electron donor and 

menadione as electron acceptor and in the presence and absence of BPPSA. 

 

 

  

kcat,app  

(s-1) 

NADH 

KM,app  

(mM) 

 

kcat,app/KM,

app   

(mM-1s-1) 

 

kcat  

(s-1) 

Menadione 

KM  

(µM) 

 

kcat/KM  

(µM-1s-1) 

NQO1 

P187S 

Ctrl 300  20 5  1 70  10 150  7 16  2 9  1 

BPPSA 770  40 4  0.5 170  20 170  4 6  1 30  4 

NQO1 

WT 

Ctrl 
2550  

70 
2  0.2 

1250  

110 
370  20 5  1 80  16 

BPPSA 
2580  

90 
2  0.5 

1180  

140 
370  23 4  1 90  20 

 

 

Cell viability in combination with mitomycin C 

MCF7 cells (NQO1*1/NQO1*2 homozygote for the SNP) and MCF-12A cells 

(NQO1*1/NQO1*1 homozygote WT) were treated with BPPSA concentration range 

of 0-640 µM and depending on the IC50 concentration of mitomycin C, MCF7 with 0-8 

µM and MCF-12A with 0-2 µM. By treating MCF7 and MCF-12A with 160 µM BPPSA 

a synergy effect was achieved in MCF12A with a very low mitomycin C concentration 

compared to MCF7, where the used concentration was ten times higher (Figure 7), 

which might attribute to the different genetic profile of the tested cell lines.  
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Figure 7. HSA synergy and antagonism of MCF7 (A) and MCF-12A (B) treated with 

mitomycin C and BPPSA. Blue indicates synergy, red indicates antagonism. 
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Discussion 

In the present study, we performed virtual screening as a starting point for the search 

of possible stabilizing ligands, followed by initial in vitro screening experiments 

including thermal stability assays, absorption difference titrations, limited proteolysis 

and ITC). These experiments confirmed that the selected ligand BPPSA clearly binds 

to both the wild-type and variant protein, leading to a significant stabilization of the 

protein structures. Interestingly, both the wild-type and variant structures were 

stabilized, however to a different degree, as was observed in limited proteolysis 

experiments, indicating that a larger portion of the C-terminal domain was stabilized 

in the wild-type as compared to the variant (Figure 1).  

Due to the interesting effect on the protein stability, further analyses of the stabilizing 

effect of BPPSA were performed using more advanced techniques, such as HSQC-

NMR, HDX-MS and SAXS. Based on our HSQC-NMR data, it was observed that the 

variant protein in the presence of the ligand, displayed a clearly improved HSQC-

spectrum most probably due to a reduced flexibility of residues in the variant protein. 

The variant protein also occupied a more compact conformation, more similar to that 

of the wild-type, in presence of the ligand as shown by SAXS measurements. Finally, 

HDX-MS experiments revealed in detail that the flexible C-terminal domain of the 

protein was stabilized. Consequently, these experiments have illustrated that the 

variant in the presence of the ligand repopulates a conformation more similar to the 

wild-type, in particular with regard to the C-terminal domain. This is consistent with 

other data showing that the C-terminus is largely destabilized in the P187S variant, 

leading to the loss of the FAD cofactor and consequently of enzymatic activity. [10] 

The determination of the crystal structure further demonstrated that the ligand binds 

to the active site, where it seems to interact with the residues Tyr-127 and Thr-128. 

Since binding of the ligand in or near the active site could potentially compromise the 

activity of the enzyme, the possible inhibitory effect as well as steady state kinetic 

parameters were determined, showing that co-incubation of the ligand with the 

enzyme (in the presence of excess flavin cofactor) leads to a substantial increase in 

catalytic efficiency of the variant protein. Hence, under ideal conditions it is possible 

that the ligand can be used to rescue the enzymatic activity in vitro. The most 

probable reason for the advantageous effect on the activity seems to be connected to 

a higher loading of FAD cofactor to the variant protein, consequently resulting in a 
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higher population of holoenzyme present during the reaction. This also explains the 

minor differences observed in the activity of the wild-type enzyme, since the cofactor 

binding is approximately 7 times tighter. [10]  

Because of the promising effects of the ligand on the activity in vitro, some initial 

experiments were also carried out on cell lines homozygous (NQO1*1/NQO1*1) and 

heterozygous (NQO1*1/NQO1*2) to the SNP.  Owing to the challenge of comparing 

two cell lines with different growth behavior, different doubling time and different 

types of media, a constant BPPSA concentration range was chosen for both cell 

lines, whereas the mitomycin C concentration was adjusted to the respective cell line. 

Interestingly, a synergistic effect of mitomycin C and BPPSA could be observed for 

both cell lines at a concentration of 160 µM BPPSA. The difference in the required 

mitomycin C concentration also fits to earlier reports on the difference in bioactivation 

of mitomycin C depending on the genetic profile of the cell line [11]. These results 

indicate that there might be a beneficial effect of BPPSA on some types of cancer 

cell lines; however the effect seems not to be directly connected to the genotype and 

has to be studied in more detail in the future. Furthermore, it could be determined 

that BPPSA is nontoxic to the cells at low concentrations (in Figure 7 a larger 

concentration range is shown) making it promising for further tests as an activating 

ligand.  

In conclusion the current study could prove that binding of a small ligand to the active 

site of the variant protein leads to an improved stability and consequently also an 

increased activity of the variant protein in vitro. The beneficial effect on cancer cell 

lines will be investigated further in the future. Therefore, our study has demonstrated 

that the development of small molecular chaperones is a promising option for 

rescuing the activity of unstable protein variants and consequently an interesting 

alternative for treatment of human diseases associated with protein instability.  
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Experimental Procedures 

Reagents 

All chemicals and reagents were of highest quality available either from Sigma-

Aldrich (St. Louis, MO, USA), Carl Roth GmbH (Karlsruhe, Germany) or Thermo 

Fisher Scientific (Waltham, USA) unless otherwise mentioned. Purification columns 

were obtained from GE Healthcare (Little Chalfont, UK). Trypsin was from Promega 

(Madison, Wisconsin, United States). Labelled ammonium sulphate was from 

CortecNet (Voisins-Le-Bretonneux, France). The investigated ligand BPPSA was 

purchased from Enamine LLC (Monmouth Junction, New Jersey, USA).  

Molecular cloning of nqo1 

The cloning of NQO1 as well as the generation of the NQO1 P187S variant have 

been described previously [10]. Briefly, the NQO1 gene optimized for expression in 

Escherichia coli was obtained from GeneArt (Carlsbad, California, USA) and cloned 

into a pET28a vector from Merck (Darmstadt, Germany). NQO1 P187S was 

generated with the Quick Change II XL Site-Directed Mutagenesis Kit from Agilent 

(Santa Clara, California, USA) by the use of gene specific primers from Eurofins 

(Luxembourg).   

Heterologous protein expression and purification 

The protein expression and purification were performed according to the procedure 

described by Lienhart et al.[10]. In brief, the protein expression was carried out in 

lysogeny broth (bacto-tryptone 10 g/L, bacto yeast extract 5 g/L, NaCl 5 g/L) 

containing 50 µg/L kanamycin. The main culture was inoculated with 5% of an 

overnight culture and incubated at 37 °C at 140 rpm in shake flasks in a HT Multitron 

Standard shaking system (Infors AG, Basel, Switzerland) until an OD600 of around 0.8 

was reached, the cultures were then induced with 0.5 mM isopropyl-β-D-

thiogalactoside and grown for 16 h at 25 °C. Cells were harvested by centrifugation 

at 4420 g at 4 °C for 10 min, resuspended in 1% saline solution and thereafter 

centrifuged again at 4570 g for 45 min. The cell pellets were then resuspended in 2 

mL/g pellet of lysis buffer (HEPES 50 mM, NaCl 150 mM, imidazole 10 mM, pH 7.0) 

and 1 mg FAD, 10 µL protease inhibitor cocktail for histidine-tagged proteins (Sigma-

Aldrich, Missouri, USA), 1 mM phenylmethylsulfonyl fluoride dissolved in 

dimethylsulfoxide and 20 µg/mL lysozyme were added to 25 mL of the cell 
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suspension. Next, the cells were disrupted by sonication in a Sonopuls glass rosette 

cell RZ (Bandelin, Berlin, Germany) on ice with a Labsonic L instrument from Braun 

Biotech. International (Berlin, Germany) with 120 W for 6 x 3 min and 3 min pause in 

between each cycle. The cell debris was removed by centrifugation at 38 470 g at 4 

°C for 1 h. The supernatant was then loaded onto a 5 mL HisTrap FF column 

equilibrated with lysis buffer, whereafter the column was washed with wash buffer 

(HEPES 50 mM, NaCl 150 mM, imidazole 50 mM, pH 7.0). Proteins were finally 

eluted with elution buffer (HEPES 50 mM, NaCl 150 mM, imidazole 300 mM, pH 7.0). 

The protein containing fractions were combined and concentrated by using 

centrifugal filter units with 10 kDa cut-off from Pall Life Sciences (Michigan, USA). 

The concentrated protein was further purified by size-exclusion chromatography on a 

HiLoad 16/60 Superdex 200 prep grade column equilibrated with HEPES 50 mM, 

NaCl 150 mM, and pH 7.0 at 4 °C. The column was connected to an ÄKTA FPLC 

system (GE Healthcare, Little Chalfont, UK). The purity of the protein containing 

fractions were checked using SDS-PAGE, the pure fractions were then pooled and 

concentrated by using centrifugal filter units and finally rebuffered with a PD-10 

desalting column to HEPES 50 mM, pH 7.0. The protein was then shock frozen and 

stored at -80 °C. 

Virtual screening 

Potentially stabilizing compounds were found by in silico docking using Dock blaster 

(http://blaster.docking.org, University of California, San Francisco), and refinement 

[12]. Dockings were performed using the available structure of the NQO1 P187S 

variant (PDB code 4CET). In order to search for possible lead compounds, the ZINC 

database (http://zinc.docking.org, University of California, San Francisco) with 

commercially available lead compounds was used.  

Thermal shift assay 

The melting point determinations were performed as described by Forneris et al. and 

Ericsson et al. [13, 14]. Briefly, 25 µL of 50 µM NQO1 WT or P187S with our without 

ligand at a concentration of 300 µM were mixed in a white 96-well RT-PCR plate 

(Bio-Rad Laboratories, Hercules, California, USA) sealed with optical-quality sealing 

tape (Bio-Rad Laboratories, Hercules, California, USA). The plate was heated from 

20 to 95 °C, with 0.5 °C steps, in a CFX Connect™ Real-Time PCR Detection 
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System from Bio-Rad Laboratories (Hercules, California, USA) and the change in 

fluorescence due to the release of the FAD cofactor upon unfolding of the protein 

was detected. The thermal stability was analysed using the CFX Manager 3.0 

software from Bio-Rad Laboratories (Hercules, California, USA).  

UV/Vis absorption difference titration 

The difference absorption spectra were recorded with a Specord 200 plus 

spectrophotometer from Analytik Jena (Jena, Germany) at 25 °C in tandem cuvettes 

from Hellma Analytic (Müllheim, Germany). For the measurement 800 µl of NQO1 

WT or NQO1 P187S in HEPES 50 mM, pH 7.0, at a concentration of 40 µM in the 

measurement cell, was titrated with BPPSA (in 2 µL steps from a 2 mM stock, 

dissolved in 50 % v/v ethanol). The same volume of compound was added to the 

buffer chamber in the reference cuvette at the same time as the same volume of 50% 

ethanol in buffer was added to the protein chamber in the reference cuvette in order 

to always keep the dilution the same in all chambers. For the analysis the sum of the 

absorption values at 444 nm and 496 nm in the case of NQO1 WT and 440 nm and 

491 nm in the case of NQO1 P187S were plotted against the concentration of 

BPPSA.  

Isothermal titration calorimetry 

ITC measurements were performed using a PEAQ-ITC (Malvern Panalytical Ltd, 

United Kingdom). 380 µM NQO1 WT or P187S and 23 µM BPPSA in the case of 

NQO1 WT and 13 µM BPPSA in the case of NQO1 P187S was used for the 

experiments. All samples were prepared in HEPES 50 mM at pH 7.0 with 1% DMSO 

in the final samples. The experiments were performed at 25 °C, with a stirring speed 

of 500 rpm. One experiment consisted of 13-14 injections with a volume of 2.8 µL 

(including a first injection with a volume of 0.4 µL) and the spacing used was 250 

seconds.  

Steady state kinetics 

Measurements of the initial-velocity were performed for NQO1 WT and NQO1 P187S 

in presence and absence of the ligand by using a Specord 200 plus 

spectrophotometer (Analytik Jena, Jena, Germany) at 25 °C. The assays were 

performed in 50 mM HEPES containing 150 mM NaCl, pH 7.0, with NADH as 

electron donor and menadione as electron acceptor. For all components the 
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concentrations were determined spectrophotometrically. The reaction mixture for the 

assay performed with variation of the concentration of NADH contained 2.5 nM 

NQO1 WT or 20 nM NQO1 P187S, 200 µM menadione (ε333nm = 2,450 M-1cm-1, 

prepared in ethanol with a final concentration of 1% v/v), 1-10 mM NADH (ε340nm = 

6,220 M-1cm-1) and 10 times the KD of FAD equal to 0.6 µM for NQO1 WT and 4.2 

µM for NQO1 P187S respectively. For the assay with variation of the concentration of 

menadione the reaction mixture consisted of 1 nM NQO1 WT or 5 nM NQO1 P187S, 

10 mM NADH, 45 µM cytochrome C and 2.5-40 µM menadione in the case of NQO1 

WT and 5-60 µM in the case of NQO1 P187S (dissolved in ethanol with a final 

concentration of 1% v/v) and 0.6 µM and 4.2 µM of FAD for wild-type and variant 

respectively. The reaction mixtures were incubated for 2 minutes at 25 °C and 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) in the case of 

variation of NADH and the increase at 555 nm due to the reduction of cytochrome C 

in the case of variation of menadione. The slope corresponding to the first 20 s was 

used for the analysis for all conditions. The kinetic parameters were determined 

using the GraphPad Prism 5.01 software for Windows (La Jolla, California, USA).  

Inhibition and activation assays 

The inhibiting and activating effects of BPPSA on NQO1 WT and NQO1 P187S were 

investigated by using a Specord 200 plus spectrophotometer (Analytik Jena, Jena, 

Germany) at 25 °C. The concentrations for the used components were all determined 

spectrophotometrically. The final reaction mixture contained 500 µM NADH (ε340nm = 

6,220 M-1cm-1), 200 µM menadione (ε333nm = 2,450 M-1cm-1, dissolved in ethanol), 10 

nM NQO1 WT or 20 nM NQO1 P187S and 0-316 µM BPPSA (dissolved in ethanol) 

for the inhibition assay and 0-1600 nM ligand for the activation assay respectively. In 

the case of NQO1 P187S a final concentration of 4.2 µM FAD was included in the 

assay. The reaction mixtures were first incubated for 2 min at 25 °C whereafter the 

reaction was started by addition of enzyme. For the activation assay the ligand was 

co-incubated with the protein for at least 30 minutes before the reaction was started. 

The decrease in absorption caused by the breakdown of NADH was measured at 

380 nm. For analysis the slope corresponding to the first 30 s of the reaction was 

used. The IC50 values were calculated using the GraphPad Prism 5.01 software for 

Windows (La Jolla, California, USA). 
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Limited proteolysis 

NQO1 WT and NQO1 P187S at a concentration of 15 µM in HEPES 50mM, NaCl 

150 mM and pH 7.0 were digested with trypsin from Promega (Madison, WI, USA) at 

a final concentration of 2 μg/mL at 37 °C. Samples were prepared with only protein 

(NQO1 WT or NQO1 P187S), with protein and 30 µM FAD and with protein, 30 µM 

FAD and 300 µM BPPSA. Trypsin was preincubated at 37 °C for 15 min where, after 

the digestion was started, samples were taken out after specific time points (0, 5, 10, 

20, 40, 80, 160 min and overnight, 18 h) and the reactions were stopped by addition 

of SDS sample buffer followed by boiling at 95 °C for 10 min. The samples were then 

analysed by SDS-PAGE. [10, 15]  

MALDI-TOF MS 

The protein bands from the SDS-PAGE were cut out, washed and destained. The 

protein samples were in gel reduced by 10 mM dithiothreitol and the cysteines were 

alkylated by 55 mM iodoacetamide. The proteins were then in gel digested with 

trypsin at 37 °C over night, whereafter peptides were extracted from the gel by using 

an buffer containing 50% acetonitrile and 5% formic acid. The extraction buffer was 

then evaporated in an ISS100 SpeedVac system (Thermo Scientific, Waltham, MA, 

USA) for 2 hours. The peptide mixtures were dissolved in double distilled water and 

0.1% TFA and desalted with ZipTip (Millipore Merck, Burlington, MA, USA). The 

purified samples were spotted on a MALDI plate together with the matrix a-cyano-4-

hydroxycinnamic acid (10 mg/mL in a 1:1 v/v ratio). After a washing step with cold 

double distilled water and 0.1% TFA, spectra were then recorded on a Micromass 

TofSpec 2E in reflectron mode with an accelerating voltage of +20 kV. A calibration 

of the instrument was done with a poly(ethylene glycol) mixture (Sigma-Aldrich, St 

Louis, MO, USA) and ProteoMass ACTH fragment 18 – 39 MALDI-MS Standard 

(Sigma-Aldrich, St Louis, MO, USA) was used as the calibration standard for 

peptides. The spectra were analyzed with MASSLYNX 4.1 (Micromass UK Limited, 

Wilmslow, United Kingdom) and compared to peptide fragments predicted by 

PeptideMass (Ref).  

15N-Labelling of NQO1 and NQO1 P187S 

For the expression of the 15N-labelled proteins a minimal medium containing 6.8 g/L 

Na2HPO4, 3 g/L KH2PO4, 0.5 g/L NaCl, 1 g/L 15NH4Cl, 3 g/L glucose, 1 μg/L biotin, 1 

μg/L thiamine, 50 μg/mL kanamycin and 1 mL 1000x microsalts (150 mM CaCl2, 20 

https://www.google.at/search?client=firefox-b-ab&dcr=0&q=Wilmslow+United+Kingdom&stick=H4sIAAAAAAAAAOPgE-LSz9U3sMzNKE5PUeIEsY3zis1MtLSyk63084vSE_MyqxJLMvPzUDhWGamJKYWliUUlqUXFABFUd2FFAAAA&sa=X&ved=0ahUKEwjr4eD7_tzZAhVGCMAKHT8iAk0QmxMIhQEoATAM
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mM, FeCl3, 50 mM H3BO3, 150 µM CoCl2, 800 µM CuCl2, 1.5 mM ZnCl2, 15 µM 

(NH4)6Mo7O24·4H2O) was used for the protein expression that apart from the different 

media was carried out as described under the section Heterologous protein 

expression and purification. 

NMR spectroscopy  

For NMR acquisitions, 15N-labelled NQO1 or NQO1 P187S were dialyzed into a 

HEPES buffer (50 mM, pH 6.5) to final concentrations of 300 µM (NQO1 WT) and 

530 µM (NQO1 P187S). To each sample 10% 2H2O was added for field-frequency 

locking. BPPSA was added to final concentrations of 440 µM in the case of NQO1 

WT and 680 µM in the case of NQO1 P187S. All spectra were recorded at 300 K on 

a Bruker Avance III 700 MHz NMR spectrometer, equipped with a 5 mm 

cryogenically cooled TCI probe with z-axis gradients. Two-dimensional 1H-15N-

HSQCs were acquired with data matrices of 2048 x 128 data points. Forty-eight 

scans were recorded for each increment and 60° phase shifted squared sine-bell 

window functions were applied in both dimensions prior to Fourier transformation 

using TopSpin 3.1.  

Small-angle X-ray scattering 

SAXS data for solutions of the ligand bound or free forms of NQO1 wild type and 

P187S variant in presence of the FAD cofactor were recorded on an in-house SAXS 

instrument (SAXSspace, Anton Paar, Graz, Austria) equipped with a Kratky camera, 

a sealed X-ray tube source and a Mythen2 R 1K Detector (Dectris). The scattering 

patterns were measured with a 60-min exposure time (60 frames, each 1 min) with a 

solute concentration of 200 µM. 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 Å−1 was covered 

(s = 4π sin(θ)/λ, where 2θ is the scattering angle, and λ is the X-ray wavelength, in 

this case 1.5 Å. 

All SAXS data were analyzed and processed using the SAXS analysis package 

(Anton Paar, version 3.0). The data were desmeared using GIFT (PCG-Software). 

The forward scattering (I(0)), the radius of gyration, (Rg), the maximum dimension 

(Dmax) and the interatomic distance distribution function ((P(r)) were computed with 

GNOM [16]. The masses of the solutes were evaluated based on their Porod volume. 
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Hydrogen-deuterium exchange coupled to mass spectrometry 

2 µL aliquots of 200 µM wild-type NQO1 as well as the P187S variant were diluted 

1:20 with deuteration buffer (10 mM HEPES pD 7.0, 150 mM NaCl and 10 mM 

MgCl2). Analogous dilutions were prepared with wild-type and variant samples 

preincubated with 750 µM BPPSA to achieve the same final protein concentrations. 

Ligand concentrations in the labelling reaction are still 4.6- and 1.9-fold above the KD 

for the interaction of BPPSA with wild-type NQO1 and the P187S variant, 

respectively. 

 

Individual time points of the labelling reaction were sampled by removing 7.5 µL after 

10, 60, 360, and 2400 s and immediate quenching with 7.5 μL ice-cold buffer 200 

mM ammonium formate (pH 2.6) in the presence of 2.7 M urea. After mixing the 

samples were immediately frozen in liquid nitrogen until further analysis by HPLC-

MS. Samples were then thawed by rapid mixing with 45 μL ice-cold quench buffer 

and injected into a cooled HPLC setup as described in detail previously [17]. Briefly, 

samples were digested using an on-line pepsin column (Applied Biosystems) 

operated at 10 °C during a contact time of 1 min. Resulting peptides were desalted 

on a 2-cm C18 guard column (Discovery Bio C18, Supelco) and separated during a 5 

min acetonitrile gradient (15 to 50%) in the presence of 0.6% formic acid on a 

reversed-phase column (XR ODS 75 mm × 3 mm, 2.2 μm particle size; Shimadzu) 

prior to infusion into a maXis ESI-UHR-TOF mass spectrometer (Bruker). HDX-MS 

data were analysed using the software package Hexicon 2 [18]. 

Crystallization and crystal structure determination 

NQO1 was co-crystallized with BPPSA using the vapor diffusion method employing 

different commercial crystallization screens (Index, PEG/Ion from Hampton Research 

and Morpheus Screen from Molecular Dimensions). Drops were prepared by mixing 

0.5 μL of the protein solution (at a concentration of 17 mg/mL in 50 mM HEPES, pH 

7.0) with an equal volume of mother liquor using an ORYX 8 pipetting robot (Douglas 

Instruments). The trays were incubated at 20 °C. Yellow crystals were observed after 

approximately one month in various conditions. Diffracting crystals were obtained 

from the original condition A5 of the PEG/Ion screen consisting of 0.2 M magnesium 

chloride hexahydrate, 20% w/v polyethylene glycol 3350, pH 5.9. 
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Diffraction data were collected to a maximum resolution of 2.76 Å on beamline P11 

(λ=1.0089 Å) at DESY Hamburg, Germany. The crystals were trigonal (space group 

P3112) with unit-cell parameters a=b=121.37 Å and c=158.25 Å. The data were 

processed using iMOSFLM [19] and programs from the CCP4 suite [20]. The 

structure was solved by molecular replacement using the program PHASER [21] with 

the structure of the NQO1 variant P187S (PDB code: 4CET) as template. The 

structure was refined using the programs Coot [22] and PHENIX [23]. Clear residual 

electron density was observed for flavin adenine dinucleotide (FAD) bound to each of 

the four chains in the asymmetric unit. Only in one of the four independent active 

sites (associated with chain B) the difference electron density was clear enough to 

interpret it as a molecule of BPPSA in two alternate orientations. Detailed statistics 

pertaining to data processing and structure refinement are summarized in Table 1. 

Atomic coordinates and structure factors have been deposited in the Protein Data 

Bank under the accession number 6FY4.  

Docking calculations 

BPPSA was docked into the active site of NQO1 with the program ADFR[24] using 

104 genetic-algorithm (GA) optimization runs with a maximum of 2.5 million energy 

evaluations per run. The receptor was kept rigid, while the ligand was flexible. 

Cell Culture 

Human colon cancer cell line HT29 (CLS, Eppelheim, Germany) and human breast 

cancer cell line MCF-7 (CLS) were cultured in Dulbecco’s-modified Eagle’s medium 

(DMEM-F12; Life Technology, Austria), containing 10% fetal bovine serum (FBS) 

(M&B Stricker, Bernried, Germany), 2mM L-glutamine (Life Technology), 100 units/ml 

Penicillin, 100 units/ml Streptomycin (Life Technology). Human colon carcinoma cell 

line Caco2 (DSMZ, Braunschweig, Germany) were cultured in MEM (Life 

Technology) containing 20% FBS and 2 mM L-glutamine. Human breast cancer cell 

line MCF-12a (ATCC, VA, US) was cultured in DMEM/Ham´sF12 (Life Technology), 

supplemented with 20 ng/ml human epidermal growth factor (Sigma-Aldrich), 100 

ng/ml cholera toxin (Sigma-Aldrich), 0.01 mg/ml bovine insulin (Sigma-Aldrich), 500 

ng/ml hydrocortisone and 5% horse serum. Human lung adenosquamous carcinoma 

NCI-H596 (ATCC) was cultured in RPMI 1640 (Life Technology), containing 10% 

FBS and 2 mM L-glutamine. All cell lines were verified by short tandem repeat 

analysis using PowerPlex 16 System Kit (Promega, Mannheim, Germany) and tested 

http://www.lgcstandards-atcc.org/en/Search_Results.aspx?searchTerms=adenosquamous%20carcinoma
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for mycoplasma. Cells were kept at 37°C in a humidified atmosphere of 5% CO2 and 

were passaged by trypsinization after reaching 80–90% confluence.  

Cell Viability 

To determine the IC50 concentration of BPPSA, different cell amounts depending on 

the cell line  were seeded in a 96 well plate and cultivated from 24-72 h (depending 

on the growth rate of the cell line) to achieve good attachment and 50-70% cell 

confluency. The cells were first treated with Mitomycin C in the range of 1 – 64 µM 

and with BPPSA in the range of 20-640 µM. The viability of cells was obtained using 

the CellTiter 96 AQueous Non-Radioactive Cell Proliferation Assay (Promega), by 

measuring the reduction of tetrazolium compound to formazan. For combination 

treatment the cells were treated with the concentrations closest to the range of IC50 

for both substances. After 48 h the cell proliferation assay was performed according 

to the manufacturer’s protocol. Mitomycin C stock solution was prepared by diluting it 

with ddH20 to concentration of 1497 µM and sterile filtered. The solution was 

discarded after 1 week. BPPSA stock solution was prepared by diluting it with DMSO 

to concentration of 98299.4 µM and sterile filtered. 

Synergy Analysis 

Synergy analysis was performed using Combenefit software [25], which assessed 

possible drug interactions using the Highest Single Agent (HSA) model [26]. We 

considered the combination of two agents Mitomycin C (a) and BPPSA (b). For the 

HSA model, the reference effect for the combination (a,b) is obtained by taking the 

greatest effect (lowest residual compared to control) between the two drugs as single 

agents: 

 

The matrix synergy plot showed the synergy/antagonism score ± the standard 

deviation for each combination and its statistical significance following a one sample t 

test (* p<5x10-2; **p<10-3, ***p<10-4). Synergy scores were also displayed as dose-

response surface plots. 
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Abstract 

The genome of the yeast Saccharomyces cerevisiae encodes four flavodoxin-like 

proteins, namely Lot6p, Pst2p, Rfs1p and Ycp4p. Thus far only Lot6p 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 M. 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. 
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Introduction 

The flavoproteome of the yeast Saccharomyces cerevisiae (S. cerevisiae) 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 (low 

temperature-responsive 6), Pst2p (protoplasts-secreted 2), Rfs1p (Rad55 suppressor 

1) and Ycp4p (yeast chromosomal protein 4). 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 quaternary 

structure [2]. On the one hand, mammalian flavodoxin-like proteins, such as NQO1 

and NQO2 (NAD(P)H:quinone oxidoreductase 1 and 2) 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 (tryptophan (W) repressor-binding protein) 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 
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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 

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 Escherichia coli (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 unusual 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.  
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Results 

3.1. 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 L culture about ~70 mg of enzyme was obtained with a high purity as judged by 

visual inspection of the SDS-polyacrylamide gel (Figure 1, panel A).  

 

 

 
 
 

 

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. (B) Determination of native molecular mass of Pst2p 

(black continuous line 280 nm and grey dotted line 450 nm) and apo-Pst2p (black 

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 (Kav) 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.  
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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-1 cm-1 at 450 nm for free FMN an 

extinction coefficient of 10.600 M-1 cm-1 at 453 nm was calculated for Pstp2. This 

extinction coefficient was used to determine the Pst2p concentration in further 

experiments.  

 

 

 

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 [7,11,39 and 

references therein]. Notably, the formation of tetramers 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 
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to limited proteolysis as shown in Figure 3. In comparison, ~54% of apo-Pst2p and 

~26% of holo-Pst2p was digested within 80 min, respectively. 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. 

 

 

 
 
 

 

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 µM (Figure 4, panel A). Similarly, we used difference titration 

experiments to determine the dissociation constants for MQ, DQ and 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 µM 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 µM apo-Pst2p was titrated with FMN (0–90 µM) 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 dashed 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 µM. (B) Difference titration of 

Pst2p with DQ. 40 µM Pst2p was titrated with DQ (0–380 µM) 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 dashed 

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 µM. 
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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;) 

 

 

Substrate 
KM

a  

[µM] 

kcat
a  

[s-1] 

kcat/KM
a  

[M-1∙s-1] 

kred/ox
b 

[M-1∙s-1] 

Kd
c  

[µM] 

NADH*   67 ± 6 280 ± 8 4.2∙106 
5.8∙106 ± 

4.5∙105 
n. o. 

NADPH* 104 ± 7 279 ± 7 2.7∙106 
1.9∙106 ± 

1.1∙105 
n. o. 

MQ**   41 ± 3 268 ± 7 6.5∙106 
2.7∙106 ± 

7.8∙105 
139 ± 14  

1,4-BQ**    15 ± 2 1119 ± 46 7.5∙107 >106 d n. o. 

DQ**   72 ± 5 380 ± 10 6.8∙106 
7.0∙106 ± 5.6 

105 
199 ± 12 

CoQ1**   91 ± 8 33 ± 1 3.6∙105 n. d. 226 ± 21 

aSteady‐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; bRapid reaction data (kred/ox) were determined with a stopped flow 

device at pH 7.0 and 4 °C; cDissociation constants were determined by UV–visible 

absorption difference spectroscopy at pH 7.0 and 25 °C; dThe 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).  

 

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 (EM = -81 mV) and indigo carmine (EM = -125 mV). As 

shown in Figure 6, a plot of log(Pst2pox/Pst2pred) versus log(dyeox/dyered) 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 
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redox potentials of the FMN/FMNH2 couple free and bound to Pst2p as well as the 

dissociation constant of the oxidized FMN (20 µM) can be used to calculate the Kd of 

the reduced flavin by using the thermodynamic relationship shown in Scheme 1 

(section 2.17. in Materials & Methods). This yields a Kd of 2 nM for the reduced flavin 

and thus reduced FMN binds 10.000 times tighter to Pst2p than oxidized FMN.  

 

 

 

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). 

 

 

 

 
Figure 6. Redox potential determination of Pst2p in the presence of indigo carmine. 

(A) The fully oxidized spectrum is shown as black line and 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 μM Pst2p was reduced by the 
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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. 

 

 

3.2. Three dimensional structure of Pst2p 

The X-ray crystal structure of Pst2p was determined at 2.8 Å resolution (Table 2). 

The orthorhombic crystal (space group P212121) contained eight molecules in the 

asymmetric unit forming two tetramers. One of those tetramers is shown in Figure 7. 

The assignment of the oligomeric state was also verified using the PDBePISA server 

[40]. This analysis revealed that each tetramer could be viewed as a dimer of dimers 

with stronger interactions within the dimers (approximately 1200 Å2 interaction 

surface) as compared to the interaction between dimers (800 Å2 interaction surface). 

 

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 β-strands forming a 

twisted β-sheet surrounded by α-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 Å and 0.4 Å for all pairwise Cα-atom superpositions 

calculated using the program PyMOL [41]. 

 

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 Cα-rmsd 

of 0.9 Å underlining the close structural similarity of the two proteins (Figure 8, panel 

A).   
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Table 2. Data collection and refinement statistics. Values in parentheses are for the 

highest-resolution shell. 

 

  
X-ray source ID29, ESRF, Grenoble, France 

Wavelength (Å) 0.972 

Temperature 100 K 

Space group P212121 

Cell dimensions  

    a, b, c (Å) 69.41, 110.56, 223.81 

Resolution (Å) 46.17-2.79 (2.89-2.79) 

Total no. reflections 208347 (19109) 

No. unique reflections 43021 (4074) 

Multiplicity 4.8 (4.7) 

Completeness (%) 98.1 (94.5) 

<I/σI> 10.2 (1.8) 

 

 

Rmerge (%) 10.4 (83.4) 

 Rmeas (%) 11.7 (93.5) 

Rpim (%) 5.3 (40.9) 

CC1/2 0.998 (0.663) 

 

 

 

CC* 0.999 (0.893) 

Reflections used in refinement 43020 (4074) 

 Rwork / Rfree 0.2533 / 0.2855 

No. atoms 11840 

    Protein 11800 

    Ligands 40 

Mean B-factor (Å2) 82.1 

Wilson B-factor (Å2) 66.9 

R.m.s. deviations  

    Bond lengths (Å) 0.003 

    Bond angles (°) 0.58 

 

 

 

Ramachandran favored (%) 99.0 

Ramachandran outliers (%) 

 

 

0.0 

Rotamer outliers (%) 1.02 

 Clashscore 7.73 

PDP 

 

PDB-entry 5MP4 
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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. Depicted 

FMN molecules were implemented according to a structural superposition with WrbA 

(PDB entry: 3B6I). Two views are presented, which are rotated by 90° around the x-

axis. Figures were prepared with the software PyMOL [41]. 
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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 [42]. 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]. 

 

 
 

Figure 8. Overall structural similarity of WrbA with Pst2p. Because only the density of 

a phosphate group was observed in the electron density, the FMN molecule shown 

was introduced through structural superposition with WrbA (PDB entry: 3B6I). (A) 

Structural superposition of WrbA (grey, PDB code: 3B6I) 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://www.pymol.org/) [41]. 

 

3.3. 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 
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hyperbolic equation (Figure 9). The extracted kinetic constants are given in Table 1. 

 

 

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 CoQ1 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. Substrates were variated as follows: (A) NADH (30-

500 µM) and (B) NADPH (30-500 µM) at a saturating MQ concentration (200 µM); 

(C) 1,4-BQ (5-155 µM), (D) MQ (20-235 µM), (E) DQ (12-317 µM) or (F) CoQ1 (30-

500 µM) at a saturating NADH concentration (350 µM).  
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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]. 

The determined reaction mechanism is in good agreement with the crystal structures 

of WrbA in complex with NADH (PDB code: 3B6J) and 1,4-BQ (PDB code: 3B6K) 

obtained by Andrade et al. [29], which revealed that both substrates bind at similar 

positions close to the isoalloxazine ring of the FMN cofactor. Therefore, in the 

reaction pathway, NADH binds first to the active site, transfers two electrons to the 

FMN cofactor and NAD+ dissociates from the active site. Afterwards 1,4-BQ binds to 

the active site and will be reduced to the HQ with concomitant oxidation of the FMN 

cofactor. Beside quinones, also FMN and different azo dyes, namely methyl orange, 

ethyl red and sudan black were tested as substrates, but no significant activity with 

Pst2p was observed.  

 

 

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 µm) 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 µM ●, 30 µM ▲, 40 µM ■, 60 µM ♦, 80 µM ○, 160 µM □, 

and 200 µM ●). 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 µM of NADPH or NADH were used and FMN 

reduction was monitored at 453 nm. Bimolecular rate constants of 5.8 x 106 ± 4.5 x 

105 M−1·s−1 for NADH and 1.9 x 106 ± 1.1 x 105 M−1·s−1 for NADPH were determined 

(Table 1). In accordance with the calculated catalytic efficiency (kcat/KM) obtained 
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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 µM), MQ (25-100 μM) and DQ (34-910 µM). The oxidation of the reduced FMN 

cofactor was monitored at 453 nm. Bimolecular rate constants of 2.7 x 106 ± 7.8 x 105 

M−1·s−1 for MQ and 7.0 x 106 ± 5.6 x 105 M−1·s−1 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).  

 

3.4. 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 µM), DQ (25-150 µM) and MQ (25-150 µM) 

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. [43] the PST2 knock out strain shows also a higher sensitivity against 

hydroquinone 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). 
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Figure 11. Spot assay on solid medium containing various quinones. Serial dilutions 

(10-fold) of yeast suspensions in logarithmic growth phase (OD600 ~ 1) 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 α/β 

subunit in addition to the α/β twisted open sheet fold that is characteristic for 

flavodoxins. Like other members of this family, namely YhdA from Bacillus subtilis 

[44], Azo1 from Staphylococcus aureus [45] 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) [39]. 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 µM) (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/FMNred couple. This activity is clearly present in other members of the 

flavodoxin-like family such as Lot6p [47]. 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 
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interfere with 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 β-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 β-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 β-hairpin.  

 

Several enzymes from S. cerevisiae have been shown to catalyze the two-electron 

reduction of quinones, such as the flavin-dependent enzymes Lot6p [39] and Ycp4p 

[43] and the flavin-independent enzyme Zta1 [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 CoQ1. 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 [52,53]. Thus, the expression of PST2 enhances the toxicity 

of DQ. Similar observations were reported for naphtoquinones [54 and references 

therein]. 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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Materials & Methods 

Materials 

All chemicals, reagents and enzymes were of highest quality and were obtained 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 RosettaTM(DE3) were from Invitrogen 

(Carlsbad, USA) and Merck (Darmstadt, Germany), respectively. S. cerevisiae strains 

BY4741 (MATa, his3Δ1, leu2Δ0, met15Δ0, ura3Δ0) 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 (ɛ453 = 10.600 M-1 cm-1, experimentally determined), apo-Pst2p 

(ɛ280 = 32.430 M-1 cm-1, based on amino acid sequence), NAD(P)H (ɛ340 = 6.220 M-1 

cm-1), 1,4-benzoquinone (1,4-BQ) dissolved in ethanol (EtOH) (ɛ242 = 24.000 M-1 cm-

1) [19], menadione (MQ) dissolved in EtOH (ɛ333 = 2.450 M-1 cm-1) [20], duroquinone 

(DQ) dissolved in EtOH (ɛ271nm = 14.500 M-1 cm-1), and Coenzyme Q1 (CoQ1) 

dissolved in EtOH (ɛ278 nm = 14.500 M-1 cm-1) [21] and FMN (ɛ450 = 12.500 M-1 cm-1) 

[22]. 

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’-

GAGCCATATGCCAAGAGTAGCTATCATCATTTACACAC-3’; rev-5’-

CCTGCTCGAGAAACTTTGCAACGGTTTCGTAGAAAGTC-3’. To construct the 

heterologous expression vector pET1a(+)PST2 introducing an additional C-terminal 

6x-His tag the restriction enzymes NdeI/XhoI were used. Individual clones were 

sequenced before transforming the plasmid into E. coli RosettaTM(DE3) cells. 
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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’-

GAGCGGATCCCCAAGAGTAGCTATCATCATTTACACAC-3’, rev-5’-

GCTGCGGCCGCTCAGTGGTGGTGGTGGTG-3’). The restriction enzymes 

BamHI/NotI 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 

BY4741ΔPST2 cells were transformed from now on referred as PST2 

overexpression strain. Furthermore BY4717 and BY4741ΔPST2 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 µg/mL ampicillin and 20 µg/mL chloramphenicol. 1% pre-

culture was used to inoculate the main-culture supplemented with 100 µg/mL 

ampicillin and 10 µg/mL chloramphenicol, which was incubated aerobically at 37 °C 

with agitation at 150 rpm until an OD600 of ~0,6 was reached. Expression of PST2 

was induced by addition of 0.5 mM isopropyl-thio-β-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 HEPES, 150 mM NaCl, pH 7.0) supplemented with 

20 mM imidazole, 1 mM phenylmethylsulfonyl fluoride solved in dimethylsulfoxide, 10 

µM riboflavin 5′-monophosphate sodium salt and further 1 μL 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 
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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, 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 μL 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 polyethylene glycol (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 Å on beamline 

ID29 (λ=0.972 Å) at the ESRF Grenoble, France. The crystals were orthorhombic 

(space group P212121) with unit-cell dimensions a=69.41 Å, b=110.56 Å and 

c=223.81 Å. 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 Rfree 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 
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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 5MP4. 

 

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 Äktapurifier™ 

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 

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 µg/mL trypsin from Promega (Madison, USA) of 30 µM 

holo-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 
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12.5% separating gel and 5% stacking gel. SDS-polyacrylamide gels were analysed 

with the program ImageJ (http://imagej.nih.gov/ij/) [34]. 

 

Thermal shift assay 

Thermal shift assays were performed as described elsewhere [35,36]. 20 µL 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 µL 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-1 cm-1 at 453 nm for native Pst2p. 

 

Difference titrations 

Difference titrations were carried out in tandem quartz cuvettes as described in [33]. 

The cuvettes were filled with 800 μL of a ~50 µM protein solution (apo-Pst2p or 

Pst2p) in buffer C (50 mM HEPES, 50 mM NaCl, pH 7.0) in one chamber and 800 μL 

of buffer C in the other chamber. The titration experiments were performed by 

stepwise addition of 2-8 µM FMN (1 mM stock solution) to apo-Pst2p or by addition of 

2-8 µM 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–
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700 nm). The Kd values were determined by nonlinear hyperbolic fit in Origin 7.0 

(OriginLab Corp., Northampton, USA). 

 

Anaerobic Photoreduction 

Photoreduction was carried out as described in [22]. Briefly, ~20 µM 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, DQ and CoQ1 by following the oxidation of NAD(P)H at 380 nm. Reaction 

mixtures were setup in 50 mM HEPES pH 7.0, 50 mM NaCl, 2% (v/v) EtOH. 

Substrate concentrations were as follows: NAD(P)H (30-500 µM) at a saturating 

concentration of 200 µM for MQ. Different quinone concentration, i.e. 1,4-BQ (5-

155 µM), MQ (20-235 µM), DQ (12-317 µM) or CoQ1 (30-500 µM) were measured at 

a saturating NADH concentration of 350 µM. For the investigation of the kinetic 

mechanism of Pst2p various concentrations of NADH (30-350 µm) and MQ (20-

200 µM) were used. All reactions were initiated by addition of 5 µL enzyme stock 

solution, supplemented with 400 µM FMN, to the reaction mixture – final enzyme 

concentrations were 2-10 nM (final FMN concentration: 2 µM). 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 

coefficients (NADH ɛ380 = 1.210 M-1 cm-1 or NADPH ɛ380 = 1.280 M-1·cm-1). KM and 

kcat were determined by nonlinear hyperbolic fit in Origin 7.0 (OriginLab Corp., 

Northampton, 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 μM) in buffer B with 25-1.250 µM NAD(P)H. The oxidative half-reaction 



Flavoproteins from the yeast Saccharomyces cerevisiae 

 

113 
 

was investigated by mixing reduced protein (~ 25 µM, reduced with 0.9 equivalents 

NADH) with 25-300 µM MQ, 25 µM 1,4-BQ and 25-100 µM 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 (kobs) 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 [37]. Reactions 

were carried out in buffer C supplemented with methyl viologen (2.5 μM) as mediator, 

500 µM xanthine, and xanthine oxidase in catalytic amounts (~40 nM) and lasted 0.5 

2 h. The protein concentration for a typical experiment was ∼25 μM. 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 

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 [38] using 

Excel 2010 (Microsoft, Redmond, USA). 
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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/FMNH2 couple in Pst2p was used to calculate the Kd of the reduced flavin by 

using the determined Kd 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 

ΔG1 + ΔG2 = ΔG3 + ΔG4. 

 

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 OD600 of 0.1. 

The culture was then grown for several hours to a final OD600 of 1.0. Samples were 

differentially diluted and plated on SG-ura plates supplemented with 1,4-BQ (50-250 

µM), hydroquinone (HQ; 500-2000 µM), DQ (25-100 µM) and were grown for 2–3 

days in an incubator at 30 °C. Quinones were added from stocks made in pure EtOH 
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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 liquid media was monitored at 

OD600. 
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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. We expressed IRC15 

in Escherichia coli and purified the produced protein to conduct a detailed 

biochemical 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. 

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 

cystine, glutathione and lipoamide were unable to react with reduced Irc15p. Limited 

proteolysis and SAXS-measurements revealed that the NADH-dependent formation 

of hydrogen peroxide caused a substantial structural change in the dimeric protein. 

Therefore, we hypothesize that Irc15p undergoes a conformational change in the 

presence of elevated levels of hydrogen peroxide, which is a putative biomarker of 

oxidative stress. This conformational change may in turn modulate the interaction of 

Irc15p with other key players involved in regulating microtubule dynamics.  
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Introduction 

Reactive oxygen species (ROS), such as hydrogen peroxide (H2O2), superoxide 

anions (·O2
−), and hydroxyl radicals (·OH) are constantly generated during aerobic 

respiration. Organisms employ various strategies to preserve an intrinsic balance in 

the overall redox environment within the cell by simultaneously producing low levels 

of ROS essential for physiological signaling processes. An imbalance between the 

production of ROS and the antioxidant defenses to eliminate these toxic 

intermediates can lead to oxidative damage to DNA, lipids, and proteins, generating 

cellular stress. [1] In the recent past, an increasing number of proteins have been 

identified that use reversible ROS-mediated thiol modifications to regulate their 

function. Similar to other post-translational modifications, oxidative thiol modifications 

are fully reversible, the extent of which depend on the reactivity and accessibility of 

cysteine thiols and the concentration of ROS present. Under oxidative stress 

conditions in the cell, these thiol modifications can become irreversible, leading to 

deleterious effects on protein structure and function. [2-4] 

 

In this study we report an uncharacterized flavoprotein from the yeast 

Saccharomyces cerevisiae, which was found to be structurally sensitive to oxidative 

damage. The genome of 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) [5]. Although it was demonstrated that 

Irc15p is associated with microtubules and regulates their dynamics [6], 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 
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and is thus an essential asset of LPDs [7, 8]. LPDs also constitute a component of 

oxoacid dehydrogenases that are large multienzyme complexes. In these complexes, 

LPDs reoxidize the covalently bound lipoamide cofactor of the transacylase 

component. [9] Interestingly, Irc15p lacks the two essential cysteines required for the 

formation of a disulfide and therefore it is most unlikely that Irc15 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”) [10, 11]. This 

new function appears to be connected to the regulation of microtubule dynamics and 

chromosome segregation. [6] 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. [7] In 2012, the family was classified according to the 

nature and position of the non-flavin redox center into five sub groups. [8] Group one 

comprises the flavoprotein disulfide reductases with the classical sequence motif 

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. [7, 12] These enzymes are also closely related to LPD, for example, STH 
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from Escherichia coli exhibits 27% identity and 45% similarity to several LPDs. [13] 

However, also LPDs themselves are able to catalyze transhydrogenase reactions. 

[14] Another example is LpdA from Mycobacterium tuberculosis, which lacks one 

cysteine as well as 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. [15] In the present 

work, we recombinantly produced Irc15p in E. coli. The purified Irc15p shows the 

typical characteristics of a flavoenzyme. We have demonstrated 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 and structural changes that occur upon 

exposure to hydrogen peroxide. 
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Results 

Biochemical characterization of Irc15p 

Initially, Irc15p was produced with a C-terminal hexa-histidine tag as described by 

Keyes and Burke. [6] 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 L 

culture with a purity of >95% as judged by visual inspection of SDS-PAGE and by 

using the program ImageJ (http://imagej.nih.gov/ij/) [16] (Figure 1, panel A). The 

presence of DTT in the buffer was critical to prevent the precipitation of Irc15p. 

 

 

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 display the absorption at 280 nm and 450 nm, 

respectively) using analytical size exclusion chromatography. The insert shows a plot 

of the partition coefficient (Kav) 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 
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Burke. [6] 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 exhibited the absorption characteristics of a 

flavoprotein and also looks very similar to lipoamide dehydrogenases, with two 

distinct peaks at 377 and 453 nm with a shoulder at ~470 nm.[17] Denaturation of the 

protein resulted in a slight bathochromic shift of the absorption maxima at 453 nm 

(Figure 2, panel A). Using an extinction coefficient of 11.300 M-1 cm-1 at 450 nm for 

free FAD [18] an extinction coefficient of 11.900 M-1 cm-1 at 453 nm was calculated 

for Irc15p. This extinction coefficient was used to determine the concentration of 

Irc15p in further experiments. The A280/A450 ratios of purified Irc15p were usually 

between 4.3 and 4.5. 

 

 

 

Figure 2. UV/Vis absorption spectroscopy. (A) 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. (B) Absorption spectra observed during the anaerobic 

photoreduction of Irc15p in 50 mM HEPES, 50 mM NaCl, 1 mM DTT, 1 mM EDTA, 

pH 7.0. The solid black line represents the spectrum before irradiation. 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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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 

2, panel B). 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 2, 

panel B). 

 

The redox potential of the FAD cofactor was determined with the xanthine/xanthine 

oxidase system in the presence of safranin T (EM = -289 mV). According to the 

method of Minnaert [19] a plot of log(Irc15pox/Irc15pred) versus log(dyeox/dyered) 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 a semiquinone 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 took 

up two electrons (Figure 3). 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. 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 μM 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). 
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Figure 4. Alignment of the Irc15p protein sequence with sequences of LPD from S. 

cerevisiae, E. coli, S. seoulensis and A. 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.  
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Sequence alignment and homology modeling 

A multiple sequence alignment using the amino acid sequence of Irc15p and the 

sequences of LPD from S. cerevisiae, E. coli, Streptomyces seoulensis and 

Azotobacter vinelandii was generated (Figure 4). The sequence identities of Irc15p 

and various LPDs are presented in Table 1. [20, 21] 

Table 1. Sequence identity of Irc15p in comparison to other LPDs from S. cerevisiae, 

E. coli, Streptomyces seoulensis and Azotobacter vinelandii. 

Percent identity to Irc15p 

S. cerevisiae_Lpd1p 40 

A. vinelandii_Lpd 30 

S. seoulensis_Lpd 28 

E. coliK12_Lpd 27 

 

 

A structural model of Irc15p was computationally generated using Lpd1p from S. 

cerevisiae (PDB entry: 1V59) as template (Figure 5, panel A and B). [22, 23] A 

comparison of the close environment of the FAD cofactor from Irc15p (Figure 5, 

panel C) and Lpd1p (Figure 5, panel D) reflects a high sequence conservation: out of 

16 residues that are within 4 Å of the flavin isoalloxazine ring only four are different. 

Notably, among these are the two cysteines, C44 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. [17] 

 

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−1 and a dissociation constant of 100 ± 5 µM (Figure 6, 
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panel A). As noted above, no semiquinone radical was observed (Figure 6, panel A, 

inset). In contrast to reduction by NADH, the reduction with NADPH exhibited two 

phases (Figure 6, compare panel B and C) and the bimolecular rate constant 

determined at 100 µM NAD(P)H is an order of magnitude lower (NADH = 1.2∙106 M-

1∙s-1, NADPH = 3.4∙105 M-1∙s-1). 

Figure 5. Overall structural similarity of Irc15p and LPD1p. (A) and (B): Structural 

superposition of LPD1p (grey, PDB code: 1V59) and Irc15p (blue/green). The FAD 

cofactor is displayed in yellow and NADH is shown in magenta. Close-up view of the 

active sites of Irc15p (C) and LPD1p (D). Residues close to the FAD isoalloxazine 

ring are illustrated as grey sticks for both protomers (Lpd1p) or in colors 

corresponding to the respective protomer (Irc15p). Figures were prepared with the 

software PyMOL [24]. 

To evaluate the enzymatic activity of Irc15p, assays with NAD(P)H and several 

potential electron acceptors were performed (Table 2). No activity was observed with 

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, 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT), 

and 2,6-dichlorophenol-indophenol (DCPIP) and quinone reductase activity with 

menadione (MQ). Furthermore the reduced cofactor was reoxidized by molecular 
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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 2. Specific activities with standard deviations of Irc15p with NAD(P)H 

[μmol/min-1/mg-1] as electron donor in comparison with the specific activity of LPD 

from S. seoulensis [25] and LPD from S. cerevisiae (in brackets) [26] with NADH. 

Reduction of ferricyanide, DCPIP and MTT was determined at 420, 600 and 578 nm, 

respectively. All other reactions were monitored at 380 nm.  

Substrate 

Specific Activity 

with NADH  

[μmol/min-1/mg-1]a 

Specific Activity 

with NADPH  

[μmol/min-1/mg-1]a 

Specific Activity of 

LPD with NADH  

[μmol/min-1/mg-1]c 

Ferricyanide 179.5  3.41 17.9  1.14 
7.87  

(1670.0d) 

DCPIPb 3.88  0.14 4.72  0.22 
61.4 

(2.0d) 

MQ*,b 19.7  0.82  19.3  2.12 7.18 

MTT* 1.62  0.08 1.28  0.02   - 

Lipoic acid* 0 0 15.6 

Cystine* 0 0 0.80 

Glutathione* 0 0 0.18 

Oxygen* 1.0  0.02   1.0  0.02 0 

aThe reaction mixture for the measurements of Irc15p contained 50 mM HEPES, pH 

7.0, 50 mM NaCl, 10 nM DTT, 500 µM NAD(P)H, 500 µM electron acceptors (except 

MQ and DCPIP). bThe concentration of DCPIP and MQ were 50 and 200 µM, 

respectively. cThe reaction mixture for the measurements of LPD from S. seoulensis 

contained 50 mM sodium phosphate buffer, pH 7.4, 0.3 mM substrates and 0.2 mM 

NADH. dThe reaction mixture for the potassium ferricyanide assay of LPD1 from S. 

cerevisiae contained 165 mM sodium acetate, pH 4.8, 0.7 mg/mL bovine serum 

albumin, 1 mM EDTA, 600 µM NADH, 670 µM potassium ferricyanide. The DCPIP 

assay contained phosphate buffer, pH 7.2, 0.7 mg/mL bovine serum albumin, 1 mM 

EDTA; 600 µM NADH and 40 μΜ DCPIP. 

 

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 
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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 150 mM 

NaCl decreased the activity at pH 7.0 by 40%. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Pre-steady-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 displays selected absorption spectra of the reduction of ~20 µM Irc15p with 375 

µM NADH. (B) Absorption change at 450 nm of the reduction of ~20 µM Irc15p with 

1250 µM NADH. (C) Absorption change at 450 nm of the reduction of ~20 µM Irc15p 

with 1000 µM NADPH. 

 

The thermal stability of Irc15p was monitored using a thermal shift assay, performed 

with the fluorescent dye SYPRO® Orange. [27] Under optimal conditions, Irc15p 

displays a rather high thermal stability of about 70 °C (Table 3). 
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Table 3. Activity and thermal stability of Irc15p at various pH and in the absence and 

presence of NaCl. Melting points are given as the average of two independent 

measurements. 

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/HCl, 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 µM NADH 

and 500 µM ferricyanide. 

 

 

Additionally, measurements were performed in the presence and absence of NADH, 

NAD+, NADPH and NADP+, as summarized in Table 4. Interestingly a significant 

decrease in melting temperature could be observed after addition of an excess of 

NADH or NADPH. 

 

Limited proteolysis 

To further study the effect of NAD(P)H on the protein stability, limited proteolysis 

using tryptic digestion was performed under oxic and anoxic conditions in the 

presence and absence of NADH. As displayed in Figure 7A, Irc15p is more sensitive 

to proteolysis in the presence of NADH and molecular oxygen showing degradation 

already after 1 hour whereas the control sample is stable overnight. Interestingly, 

when the same experiment was performed under anoxic conditions, no degradation 

was detectable after six hours and became apparent only after 16 hours. 



Flavoproteins from the yeast Saccharomyces cerevisiae 

 

137 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Limited proteolysis, hydrogen peroxide formation and SAXS data for Irc15p 

in the presence and absence of NADH. (A) SDS-PAGE from the limited proteolysis 

experiment illustrating the effect of NADH and oxygen on the stability of the protein. 

Each gel has the marker PageRuler™ prestained protein ladder in lane 1, the 

remaining lanes display the samples incubated for 0-16 hours. (B) Hydrogen 

peroxide formation in Irc15p over time (0, 1 and 16 hours) and in the presence and 

absence of NADH. (C) SAXS data comparing the experimental radial density 

distribution (P(r)) of Irc15p incubated with NADH measured after 0 and 12 hours 

compared to a control sample without NADH. 

 

Hydrogen peroxide production 

Since our limited proteolysis experiments demonstrated that NADH and molecular 

oxygen play a synergistic role, we hypothesized that the reduction of Irc15p by NADH 

and subsequent reoxidation by dioxygen led to the generation of hydrogen peroxide, 

which in turn may oxidize cysteine residues accessible on the surface of the protein. 

To assess this, we determined the production of hydrogen peroxide over a period of 

time by Irc15p in the presence of NADH under aerobic conditions. As expected, there 

was a marked increase in the level of hydrogen peroxide in the presence of NADH. In 

contrast, Irc15p without NADH showed no significant peroxide production (see Figure 

7B). 
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Table 4. Thermal stability of Irc15p in 50 mM HEPES, 50 mM NaCl, 1 mM DTT, pH 

7.0 in the presence and absence of 50 mM NADH, 50 mM NAD+, 50 mM NADPH, 50 

mM NADP+ and 50 mM sodium dithionite. Melting points are determined as the 

average of two independent measurements. 

 

Condition Tm [°C] 

Control 68 

NADH 47 

NAD+ 64 

NADPH 45 

NADP+ 68 

Sodium dithionite 65 

 

SAXS measurements of Irc15p 

In order to further investigate the potential impact of thiol oxidation on the overall 

structure of the protein, SAXS measurements were employed. Irc15p formed a dimer 

in solution with a radius of gyration (Rg) of 3.64  0.02 and with a maximum distance 

(Dmax) of 14 nm. However, incubation of Irc15p with NADH in the presence of 

molecular oxygen resulted in a substantial change of the radius of gyration (Rg) and 

of the maximal diameter (Dmax) indicating that the dimer adopts a more extended 

conformation (Irc15p with NADH measured directly: Rg = 3.56  0.01, Dmax = 13 nm, 

Irc15p with NADH measured after 12 hours: Rg = 5.44  0.03, Dmax = 21 nm, Figure 7, 

panel B). The SAXS data implicate that the presence of NADH is extending the 

conformation of Irc15p by 60%. 
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Discussion 

In this study, we have demonstrated that Irc15p is a flavoprotein with FAD as the 

cofactor. Recombinant Irc15p features characteristic spectral properties that are 

similar to those reported for LPDs (Figure 2, panel A). In contrast to LPDs, reduction 

of Irc15p does not give rise to the typical red charge transfer absorption at longer 

wavelength (~530 nm) owing to the lack of a pair of redox active cysteines near the 

FAD cofactor. [25, 28] Instead, reduction by light as well as with NAD(P)H yielded the 

fully reduced FAD hydroquinone without the occurrence of a semiquinone radical 

(Figures 2, panel B and Figure 6). 

 

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 Eox/EH2 = -264 mV and EH2/EH4 = -314 mV and were assigned to the 

redox potentials of the disulfide/dithiol and the FAD/FADH2 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 variants 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/FADH2 couple. Thus the redox potential of the FAD/FADH2 couple 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 (Tm = 70 °C). This is not unusual as the reported melting temperature for LPD 

from A. vinelandii is even higher (Tm = 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 Irc15p may be 

accounted for, at least in part, by 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 kred = 250 s-

1 (Figure 6). Thus, the limiting rate of Irc15p is an order of magnitude lower than that 
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of lipoamide dehydrogenase (250 s-1 vs. >3000 s-1). [32, 33] Since Irc15p is 

associated with microtubules and was shown to regulate their dynamics, the rapid 

reduction by NADH and the obvious conformational change occurring in the 

presence of NADH sheds 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 G0 

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 demonstrated that NAD+ has an influence on the stability 

and curvature of microtubules. Since it is not interacting 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 proteins regulating the cell cycle as 

well as tubulin contain redox sensitive elements like cysteines or cofactors where 

modifications may occur. [37, 38] Therefore, it is conceivable that reduced Irc15p 

interacts with these proteins and reduces oxidized groups, e.g. disulfides, to enable 

for example the polymerization of tubulins. 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 2). However, we discovered that artificial electron acceptors 

such as potassium ferricyanide, DCPIP, MTT and MQ were good to excellent 

electron acceptors (Table 2).  

 

A similar observation was reported for LpdA from Mycobacterium tuberculosis, which 

contains five homologs of flavoprotein disulfide reductases [7]. Apparently, LpdA 

does not reduce disulfide containing compounds but similar to Irc15p reduces 

quinones. [7] 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 
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the external disulfide (the “dithiol-disulfide exchange reaction”), its presence in Irc15p 

suggests that it has retained the ability to catalyze a similar reaction. 

 

Limited proteolysis experiments performed in the presence and absence of NADH 

under oxic and anoxic conditions showed that Irc15p became more susceptible to 

degradation in the presence of NADH and oxygen. Furthermore, we showed that the 

formation of hydrogen peroxide was responsible for the increased sensitivity toward 

tryptic digestion. In keeping with this, SAXS measurements for Irc15p indicated time-

dependent conformational change in Irc15p that resulted in a more extended and 

possibly more flexible structure. This structural change can be attributed to the 

presence of 11 cysteine residues per subunit of Irc15p, many of which are present on 

the surface. Cysteine is the most reactive and oxygen-sensitive amino acid due to 

the presence of the side chain thiol group. ROS-mediated oxidation of these thiols 

involves formation of sulfenic, sulfinic and sulfonic acids. While the sulfenic 

intermediates can be re-converted to their reduced form, thereby modulating protein 

activity, the sulfinic and sulfonic acid states are irreversible in nature and can cause 

decreased protein stability. This phenomenon is called hyperoxidation and can be 

induced during oxidative stress. [39] NADH-mediated generation of H2O2 shown here 

mimics oxidative stress conditions in the yeast cell, where the excessive ROS 

accumulation may result from a plethora of sources such as electron leakage 

originating in the mitochondrial transport chain, hyperoxia, upregulation of certain 

enzymes such as D-amino acid oxidases and peroxisomal acyl-coenzyme A 

oxidases, xenobiotics and environmental factors such as heat stress. [1] The study 

presented here showed that the yeast flavoprotein Irc15p is susceptible to redox-

regulated conformational change, which can potentially impair its interaction with 

tubulin leading to a negative regulation of the microtubule dynamics. [6] 
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Materials & 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 

exchange (PD-10 desalting column) were from GE Healthcare (Little Chalfont, UK). 

The E. coli strains Top10 and RosettaTM(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 [40, 41]. 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 [42] the following primers were designed and 

synthesized from VBC (Vienna, Austria): fw_5’-

GAACCATGGCAATGGGAGGTGAAGACGAAATATTAAGCAC-3’; rev_5’- 

GAGCCTCGAGTTAATGGTGATGATGGTGATGATGATGATGTTCCCGGACATGTA

CGCCAG -3’. To construct the heterologous expression vector pET21d(+)IRC15 

introducing an additional C-terminal 9x-histidine tag the restriction enzymes 

NcoI/XhoI were used. Individual clones were sequenced before transforming the 

plasmid into E. coli RosettaTM(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 K2HPO4 12.54 g/L) supplemented with 100 µg·mL-1 ampicillin 

and 20 µg·mL-1 chloramphenicol. 1% pre-culture was used to inoculate the main-

culture supplemented with 100 µg·mL-1 ampicillin and 10 µg·mL-1 chloramphenicol, 

which was incubated aerobically at 37 °C with agitation at 150 rpm until an OD600 of 



Flavoproteins from the yeast Saccharomyces cerevisiae 

 

143 
 

~0.6 was reached. Production of the recombinant protein was induced by addition of 

0.5 mM isopropyl-β-D-thiogalactoside 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 µM 

flavin adenine dinucleotide disodium salt hydrate. Furthermore, 1 μL 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 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 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, 150 

mM 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 [43]. 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 Irc15p size exclusion chromatography 

with Buffer A using a Superdex 200 10/300 GL column attached to an Äktapurifier™ 

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. 
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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 HCl). 

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 μM (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 

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 [44]. 

Reactions were carried out in buffer C (50 mM HEPES, 50 mM NaCl, pH 7) 

supplemented with methyl viologen (2.5 μM) as mediator, 500 µM 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 μM. 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 quantitated at 430 nm and 530 nm, respectively. The reduction-oxidation 

potentials were calculated from plots of log(Irc15pox/Irc15pred) versus log(dyeox/dyered) 

according to Minnaert [19] using Excel 2010 (Microsoft, Redmond, WA, USA).  
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Sequence alignment and homology modeling 

A multiple sequence alignment was generated with the program Clustal Omega [21] 

with sequences taken from the Saccharomyces genome database40 and from the 

UniProt database20. A computational prediction approach was employed to construct 

the model structure of Irc15p. Tertiary structure of the protein was generated using 

protein homology-based molecular modeling software Swiss-Model [22] and ab initio 

threading based software I-TASSER [23]. Both the programs used Lpd1p from S. 

cerevisiae (PDB entry: 1V59) as the top threading template for automated model 

building.  

 

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 Irc15p was determined according 

to Macheroux [18]. 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-1 cm-1 at 453 nm for Irc15p. 

 

Anoxic photoreduction: Photoreduction was carried out as described by Macheroux 

[18]. Briefly, ~10 µM 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 kinetics: Initial-velocity kinetic measurements were performed in 

triplicates with NAD(P)H as electron donor and the disulfide containing electron 

acceptors lipoic acid, glutathione and cystine and the artificial electron acceptors 

potassium ferricyanide, MQ, MTT and DCPIP. Reaction mixtures were setup in buffer 

C (50 mM HEPES, 50 mM NaCl, pH 7). All reactions were initiated by addition of 5 

µL enzyme stock solution supplemented with 200 nM DTT to the reaction mixture – 
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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 ɛ380 nm = 1.210 M-1·cm-1 or 

NADPH ɛ380 nm = 1.280 M-1·cm-1). For the other electron acceptors pertinent 

wavelengths and extinction coefficients were used (ferricyanide ε420 nm = 1.040 M-

1·cm-1; MTT ε578 nm = 13.000 M-1·cm-1; DCPIP ε600 nm = 21.000 M-1·cm-1) [39]. 

 

Thermal shift assay 

Thermal shift assays were performed as described by Ericsson et al. [27]. 20 µL of 

~13 µM Irc15p protein solution was pipetted into a white 96-well RT-PCR plate from 

Bio-Rad (California, USA) both at different pH, in the absence and presence of 150 

mM NaCl and in buffer B in the presence and absence of a final concentration of 50 

mM NADH, 50 mM NAD+, 50 mM NADPH, 50 mM NADP+ or 50 mM sodium 

dithionite. Two µL 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). 

 

Determination of kinetic 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 μM) in buffer B with 25-2.500 µM 

NADH or 25-1.000 µM NAD(P)H. 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) 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.  
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Limited proteolysis 

12 µM Irc15p in buffer D (50 mM HEPES, 50 mM NaCl, 5 mM EDTA and 1 mM DTT, 

pH 7.0) in the presence and absence of 50 mM NADH and under oxic or anoxic 

conditions was digested using 5 µg/mL trypsin from Promega (Madison, WI, USA). 

The reactions were also supplemented with 8 mM DTT. The reactions were 

performed at 37 °C. Reactions in the absence of dioxygen were conducted in a glove 

box from Belle Technology (Weymouth, UK) filled with nitrogen gas. After 

preincubation of trypsin at 37 °C for 15 minutes, the digestion was started and 

samples were taken out after different time points (0, 1, 2, 3, 4, 5, 6 and 16 hours). 

The reactions were stopped by adding SDS sample buffer and the samples were 

boiled at 95 °C for 10 minutes. The samples were then analysed by SDS-PAGE with 

a 12.5% separating and 5% stacking gel. [45, 46]  

Hydrogen peroxide assay 

A time-dependent generation of H2O2 by Irc15p in the presence and absence of 

NADH was monitored using the Pierce™ Quantitative Peroxide Assay Kit 

(ThermoFischer Scientific). For the assay, 20 µM Irc15p in buffer C (50mM HEPES, 

50 mM NaCl, pH 7.0) was incubated with 50 mM NADH at room temperature. A 

sample without NADH, also incubated at room temperature, was used as a control. 

The reactions were terminated at 0, 1 and 16 h by addition of 10% TCA solution. 

Samples of this reaction mixture (10 µl) were added to 100 µl of the working reagent 

in a 96-well plate and incubated for 20 min at room temperature. Working reagent 

was prepared according to the protocol specified in the kit (1 vol of reagent A in 100 

vol of reagent B). Absorbance was recorded at 595 nm on a plate reader (FLUOStar 

Omega plate reader, BMG Labtech). The values were normalized to account for the 

intrinsic absorption of the working reagent. A standard curve containing 0 to 100 μM 

of H2O2 was prepared to determine the amount of H2O2 present in each sample. 

 

Small-angle X-ray scattering 

For successful SAXS measurements, an additional purification step of Irc15p was 

needed. Therefore, Irc15p in buffer D (50 mM HEPES, 50 mM NaCl, 5 mM EDTA and 

1 mM DTT, pH 7.0) was purified by size exclusion chromatography on a Superdex 

200 Increase 10/300 GL column from GE Healthcare (Little Chalfont, UK) connected 

to an ÄKTApurifier™ system (GE Healthcare, Little Chalfont, UK). The protein 
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containing fractions were then collected, centrifuged and used for further sample 

preparation.  

For the SAXS measurements, three separate reaction mixtures were prepared, 

including one control with a concentration of 119 µM Irc15p and two samples with a 

concentration of 61 µM Irc15p, measured after 0 and 12 hours incubation with 50 mM 

NADH at 4 °C. Buffers for background corrections were also prepared from buffer D 

with either 119 µM or 61 µM FAD in the absence or presence of 50 mM NADH. All 

samples contained 8.3 mM DTT to prevent precipitation of Irc15p. 

SAXS data for Irc15p 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 Mythen2 R 1K Detector (Dectris). Thereby Irc15p and the buffers for 

background substraction where loaded via an ASX autosampler and measured in a 

flow cell. The scattering patterns were measured with a 180-min exposure time (180 

frames, each 1 min). Radiation damage was excluded on the basis of a comparison 

of individual frames of the 180-min exposures, wherein no changes were detected. A 

range of momentum transfer of 0.010 < s < 0.63 Å−1 was covered (s = 4π sin(θ)/λ, 

where 2θ is the scattering angle, and λ is the X-ray wavelength, in this case 1.5 Å. 

Obtained SAXS data were processed using the SAXSanalysis package (Anton Paar, 

version 3.0). and analyzed using the ATSAS package (version 2.8.2, Hamburg, 

Germany). The data were desmeared using GIFT (PCG-Software). The forward 

scattering (I(0)), the radius of gyration, (Rg), the maximum dimension (Dmax) and the 

interatomic distance distribution function (P(r)) were computed with GNOM [47]. The 

masses of the solutes were evaluated based on their Porod volume. 
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