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Over a quarter million of protein phosphorylation sites have been identified so far, although the effects of site-
specific phosphorylation onprotein function and stability, aswell as their possible impact in the phenotypicman-
ifestation in genetic diseases are vastly unknown. We investigated here the effects of phosphorylating S82 in
human NADP(H):quinone oxidoreductase 1, a representative example of disease-associated flavoprotein in
which protein stability is coupled to the intracellularflavin levels. Additionally, the cancer-associated P187S poly-
morphism causes inactivation and destabilization of the enzyme. By using extensive in vitro and in silico charac-
terization of phosphomimetic S82Dmutations, we showed that S82D locally affected theflavin binding site of the
wild-type (WT) and P187S proteins thus altering flavin binding affinity, conformational stability and aggregation
propensity. Consequently, the phosphomimetic S82Dmay destabilize theWT protein intracellularly by promot-
ing the formation of the degradation-prone apo-protein. Noteworthy,WTand P187S proteins responddifferently
to the phosphomimetic mutation in terms of intracellular stability, further supporting differences in molecular
recognition of these two variants by the proteasomal degradation pathway. We propose that phosphorylation
could have critical consequences on stability and function of human flavoproteins, important for our understand-
ing of genotype-phenotype relationships in their related genetic diseases.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Post-translational modifications (PTMs) are key factors contributing
to modulate the relationships between genotype and phenotype, both
in health and in disease [1]. Advances in mass spectrometry and big
data analyses at proteomic scale are revealing a colossal amount of
sites involved in PTMs [1–3]. Consequently, one of the challenges
ahead is to decipher the effects of these PTMs on protein function in a
context-dependent manner (protein targets, enzymes involved in the
modification or its removal, cellular context, etc. [2,3]). For illustration,
the Phosphosite Plus® web site (https://www.phosphosite.org/; [2])
had compiled evidence (by the first quarter of 2018) of about 20,300
non-redundant mammalian proteins that undergo PTMs (up to
415,000 sites), about 69% of them corresponding to phosphorylation
of S, T and Y residues. Remarkably, b5% of these sites have been investi-
gated in a site-specific manner. These statistics clearly illustrate the
amount of knowledge still lacking for assessing the effects of PTMs on
protein function and stability.

The human flavoproteome contains about 90 different proteins that
utilize FAD (flavin adenine dinucleotide) or FMN (flavin mononucleo-
tide), both synthesized from dietary riboflavin, mostly to carry out
redox reactions [4]. Their key metabolic roles are highlighted by the
finding that about 60% of known human flavoproteins are associated
to inherited diseases [4]. Therefore, an adequate supply of theflavin pre-
cursor riboflavin (also known as vitamin B2) seems fundamental for the
function offlavoproteins and to prevent their dysfunction in disease. Re-
markably, recent proteome-wide analyses have demonstrated that ri-
boflavin supply is also critical for flavoproteome stability, supporting a
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link between enhanced intracellular turnover of human flavoproteins
and the ubiquitinylation of (flavin-free) apo-proteins [5]. Unfortunately,
a deep and general understanding on the structural and dynamic fea-
tures of human apo-flavoproteins promoting their proteasomal degra-
dation intracellularly, as well as the roles of flavin binding in
modulating these features, are often hampered by the difficulty of pre-
paring these apo-proteins in vitro as stable forms for detailed analyses.
Noteworthy, a recent work has proposed an intriguing mechanism by
which newly synthesized FAD (the cofactor utilized by 75% of human
flavoproteins; [4]) in human cells due to the catalytic action of FAD syn-
thase (EC 2.7.7.2) can be directly channeled to two different apo-
flavoproteins [6,7], although the impact of this process on the stability
and function of the human flavoproteome remains largely unexplored.

To provide a current perspective on the effects of phosphorylation
on the function and stability of human flavoproteins, we initially
mined the PhosphoSite Plus® database (Fig. 1). In this database, we
found information for ninety-one human flavoproteins (among those
comprehensively reviewed by [4]). Of them, 95.6% contained active
phosphorylation sites (Fig. 1A), and 89.6% were known to be multi-
phosphorylated (Fig. 1B). Importantly, out of 886 active phosphoryla-
tion sites, only 40 have been characterized by site-specific methods or
LTPs (about 4.5%; Fig. 1C). This highlights that the impact of phosphor-
ylation on the function and stability of human flavoproteins is largely
unknown. Accordingly, for 80% of the phosphorylatable human flavo-
proteins, no informationwas available for the effects of phosphorylation
at any site (Fig. 1D). For the 40 sites characterized by LTPs in vitro and in
cellulo, phosphorylation had remarkable effects on protein activity (i.e.
activation, inhibition, degree of uncoupling, allosteric regulation, pro-
tein dynamics…) [8–22] and stability [21–26]. Furthermore, phosphor-
ylation at these sites was shown to modulate a variety of physio-
pathological processes, including mitochondrial respiration efficiency
and production of reactive oxygen species, Alzheimer's disease and can-
cer [8–11,19,20,24,27–32]. Remarkably, and to the best of our knowl-
edge, no studies have addressed quantitatively the relationship
between site-specific phosphorylation and flavin binding affinity,
which, in principle, would strongly influence the existing linkage be-
tween flavin binding and flavoproteome stability in vivo [5].
Fig. 1.Most human flavoproteins can be multi-phosphorylated with unknown consequences. A
identified by high-throughput procedures (HTPs). In panel B, human flavoproteins were cluste
HTPs. C–D) Fraction of phosphorylation sites characterized by site-specific methods (LTPs) o
this set, in panel D, human flavoproteins were grouped according to the number of phosph
retrieved from PhosphoSite Plus® [2].
To investigate the effects of phosphorylation on the genotype-
phenotype relationships exhibited by a human flavoprotein in health
and disease, we have used in this work the cancer-associated NADP
(H):quinone oxidoreductase 1 (NQO1; EC 1.6.5.2) as a model. NQO1 is
a stress-inducible and multifunctional protein, involved in the two-
electron reduction and detoxification of quinones, bioactivation of can-
cer pro-drugs, maintenance of antioxidant pools in the reduced state,
superoxide scavenging, NAD+/NADH redox balance, regulatory pro-
tein:protein and protein:RNA interactions and 20S proteasome inhibi-
tion, among others [33–42]. Alterations in NQO1 expression, stability
and function are associated to different extents with a variety of pathol-
ogies, including cancer [39,40,43], Parkinson's and Alzheimer's diseases
[5,44] and sensitivity towards benzene toxicity [45]. NQO1 forms active
dimers containing two functional domains: a N-terminal domain (NTD;
residues 1–224), which contains a tightly bound FADmolecule, and a C-
terminal domain (CTD; residues 225–274) that stabilizes the dimer and
is critical for binding the NADH coenzyme and the substrate [40,46–50].
Upon removal of FAD, apo-NQO1 remains dimeric but shows an ex-
panded conformation with enhanced dynamics and decreased stability
compared to those of holo-NQO1 [47,51–54]. The apo-state of NQO1 is
efficiently ubiquitinylated in the dynamic CTD leading to its fast
proteasomal degradation, which is prevented upon FAD binding (i.e.
in the holo-state) [5,55]. Consequently, NQO1 intracellular stability is
strongly sensitive to riboflavin starvation butmildly to its supplementa-
tion above normal levels due to its high affinity for FAD [5,53]. In addi-
tion, a common polyporphism in NQO1 (rs1800566/c.C609T/p.P187S)
has received substantial attention for several reasons. Originally, its
presence in certain tumour cell lines was found to strongly decrease
NQO1 protein levels and activity [56,57]. The former effect was due to
accelerated proteasomal degradation [57], whichwas linked to the par-
tial unfolding of the CTD and its efficient ubiquitinylation even in the
holo-state [5,47,51,53,58]. The latter primarily originated from en-
hanced dynamics of the FAD binding site in the apo-state, which de-
creased by 10- to 100-fold its affinity for the flavin [47,52,58]. These
alterations in the FAD binding site of P187S were partially overcome
by an evolutionary divergent suppressor mutation (H80R) that devel-
oped favourable electrostatic interactions with two neighbouring and
–B) Fraction of human flavoproteins (N=91) for which phosphorylation sites have been
red in groups according to the number of phosphorylation sites identified per protein by
ut of the set of 886 sites identified by HTPs in 87 different human flavoproteins (C). For
orylation sites characterized per protein by LTPs. Analyses were performed using data



1277E. Medina-Carmona et al. / International Journal of Biological Macromolecules 125 (2019) 1275–1288
conserved acidic residues (E71 andE78) leading to the functional rescue
of P187S in vitro and in cultured cells [52,58].

In this work, we investigated the effects of the phosphomimeticmu-
tation S82D on the wild-type (WT) and P187S NQO1. We showed that
FAD binding to both WT and P187S is strongly reduced by this
phosphomimetic mutation, through local changes in structure and dy-
namics of the flavin binding site. These alterations in FAD binding may
also affect the intracellularly stability of WT, but not that of P187S,
highlighting the different response of these two variants regarding
ubiquitin-dependent proteasomal degradation coupled to FAD binding.
Our results indicate that phosphorylation can strongly affect genotype-
phenotype relationships in cancer-associated NQO1 variants,withmore
general implications for our understanding of these relationships in
loss-of-function genetic diseases, and particularly in those affecting
human flavoproteins.

2. Materials and methods

2.1. Bioinformatic analyses

Phosphorylation sites for S, T andY amino acids amonghumanflavo-
proteins were retrieved from PhosphoSite Plus® (https://www.
phosphosite.org) using ninety-one flavoproteins (including isoforms)
compiled by [4]. This online tool provided references for those sites
identified only by large-scale proteomic procedures (HTPs) and those
identified/characterized by site-specific procedures (LTPs).

Analyses of protein kinase A (PKA) phosphorylation sites among
mammalian NQO1 sequences was performed using the predictor
pkaPS (http://mendel.imp.ac.at/pkaPS/; [59]). Values of pkaPS score
were considered as “good hits” if they were above 0, while those be-
tween −0.5 and 0 were considered to be “potential hits”.

2.2. Modeling of phosphorylation, protein solvent accessibility and
structure-based energetic calculations

Changes in thermodynamic stability (i.e. unfolding free energy)
were calculated for the apo-proteins using the FoldX force field [60]
and the three dimensional structure of WT NQO1 (PDB 2F1O). The
FoldX algorithm was used as a plug-in in Yasara molecular graphics,
modeling and simulation software [61]. Calculations were performed
after energyminimization of the structures and consequent in silicomu-
tagenesis and modeling, considering as reference for stability the WT
protein at 298 K, 0.1 M ionic strength and pH 7. Solvent accessibilities
(as the fraction of the ASA, (solvent) accessible surface area, considering
backbone + side-chain) were determined using GETAREA [62].

2.3. Protein expression and purification from E. coli

Site-directed mutagenesis to S82D or S82A was carried out on the
pET46 Ek/LIC containing NQO1 sequences earlier described [51,58]
and using the QuickChange lightening kit (Agilent Technologies,
Madrid, Spain) following standard protocols. Mutagenesis was con-
firmed by DNA sequencing. This construct allows one to produce the
NQO1 with the N-terminal tag containing a hexa-histidine peptide for
affinity chromatography purification. It must be noted that this type of
N-terminal tag does not seem to cause noticeable effects on the overall
structure [47,58,63], specific activity [64], thermal stability and stabiliz-
ing effect of FAD [35,51] and the effects of P187S on protein stability and
FAD binding [35,46,53,64]. Protein expression and purification was car-
ried out as described [51,65] with somemodifications. E. coli BL21(DE3)
cells were transformed with the corresponding plasmid and grown
overnight in 120 mL LBA (LB + 0.1 mg·ml−1 ampicillin) at 37 °C.
These cultures were diluted in 2.4 L of LBA and grown at 37 °C to an op-
tical density of 0.6 at 600 nm, and then expression was induced by
adding 0.5 mM IPTG (isopropyl β-D-1-thiogalactopyranoside). Cells
were grown for 6 h at 25 °C, harvested by centrifugation, washed with
binding buffer (BB, 20 mM sodium phosphate, 300 mM NaCl and
50 mM imidazole at pH 7.4) and frozen overnight at −80 °C. Cells
were thawn, resuspended in 60mL of BB containing EDTA-free protease
inhibitor cocktail (Roche) and lysed by sonication. After 20 min of cen-
trifugation at 20000 g and 4 °C, supernatantswerefiltered (through0.45
μmpore) and loaded into at 4 °C immobilizedmetal affinity chromatog-
raphy (IMAC) columns (His Gravitrap™, GE Healthcare) equilibrated in
BB. Columns were washed with 50 volumes of BB and proteins eluted
with elution buffer (EB, BB containing 500mM imidazole). These eluates
were exchanged to 50 mM K-HEPES (2-[4-(2-hydroxyethyl)piperazin-
1-yl]ethanesulfonic acid, potassium salt) pH 7.4 using PD-10 columns
(GE Healthcare), centrifuged for 30 min at 20000 g and 4 °C and the
UV–visible spectra were registered in a HP8453 UV–Visible diode-
array spectrophotomer (Agilent). These samples from IMACpurification
were of high purity (Fig. S1) and activity (Fig. S2) in all cases. These sam-
ples were stored at−80 °C after flash freezing in liquid nitrogen. To ob-
tain apo-proteins, NQO1 proteins from IMAC purification were
subjected to a size-exclusion chromatography step using a HiLoad®
16/600 Superdex® 200 prep grade (GE Healthcare) and 20 mM K-
HEPES 200mMNaCl at pH 7.4 asmobile phase. Fractions corresponding
to the NQO1 dimer were pooled, concentrated to 0.5 mL (using centrif-
ugal concentrators VIVASPIN®6, 30,000 MWCO PES, Sartorius) and
treated with 10 mL of stripping buffer [SB, BB containing 2 M urea and
2 M KBr, 1 mM DTT (1,4-dithiothreitol) and 1 mM PMSF] at 4 °C for
10 min. These solutions were loaded into IMAC columns at 4 °C equili-
brated in SB, washed with 30 volumes of SB, then with 30 volumes of
BB and eluted with EB. Samples were immediately exchanged to
50 mM K-HEPES at pH 7.4 using PD-10 columns at 4 °C and concen-
trated. These apo-proteins were of high purity (Fig. S1), contained very
low levels of FAD (b0.01 molecules of FAD/NQO1 monomer, based on
theA450/A280 ratio) andwere stored at−80 °C after flash freezing in liq-
uid nitrogen. To obtain holo-proteins, apo-proteins were prepared with
an appropriate excess of FAD and subsequent analyses were carried
out without removing the excess of FAD (note that to preserve the pro-
tein as holo-protein a significantly high concentration of free ligand is re-
quired, particularly for those variants with low affinity for FAD) and
including controls with FAD (and without the protein) when needed.

2.4. FAD content in purified NQO1 proteins

FAD content in freshly purified proteins was determined from UV–
visible spectra using the experimental A450/A280 in 50 mM K-HEPES at
pH 7.4 and 25 °C as described [58]. Spectra were acquired in a HP
8453 UV–Visible diode-array spectrophotometer (Agilent).

2.5. Binding affinity for FAD

Binding affinities were customarily studied by fluorescence titra-
tions of apo-proteins with FAD. These experiments were carried out in
a Cary Eclipse spectrofluorimeter (Varian). Apo-proteins (0.2 μM)
were incubated with 0–10 μM FAD in 50 mM K-HEPES at pH 7.4 and
25 °C as described [58]. Fluorescence emission intensity (exc. 280 nm;
em. 340 nm; 5 nm slits) vs. total FAD concentration profiles were ac-
quired in 1 cm path-length cuvettes and fitted to a 1:1 binding model
[58]. To provide convergence, the fluorescence emission of the holo-
state of P187S/S82D was fixed to half of the apo-state fluorescence
since the average fractional quenching value for the rest of variants
from this work and from those previously reported in [58] was 0.50 ±
0.06.

For P187S/S82D,which exhibited very low binding affinities for FAD,
titrations were also carried out using Near-UV circular dichroism (CD)
spectroscopy. Spectrawere collected in a Jasco J-710 spectropolarimeter
at 25 °C in K-HEPES 50 mM pH 7.4 using 20 μM (in monomer) of apo-
protein in the absence or presence of FAD (0–69 μM). Spectra were col-
lected in the 300–600 nm range, at 200 nm·min−1, using 2 nm band-
width, 2 s time reponse and 5 mm path-length cuvettes. Each
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spectrumwas the average of five scans, and each sample was appropri-
ately corrected for blanks containing the buffer and the corresponding
FAD concentration.

2.6. Thermal denaturation

Thermal denaturation of NQO1 proteins, as apo- or holo-proteins (2
μM apo-monomer ±20 μM FAD) was monitored by following changes
in tryptophan emission fluorescence in K-HEPES 50mMat pH 7.4 as re-
cently described [58]. Tm values were reported as mean ± s.d. of three
independent measurements.

2.7. Partial proteolysis

Proteolysis kinetics by thermolysin were performed in 50 mM K-
HEPES, 10 mM CaCl2, at pH 7.4 and 25 °C as recently described
[53,58]. Apo-NQO1 enzymes were used at 10–20 μM concentration,
with or without 100 μM FAD, and experiments were typically carried
out using 5 nM thermolysin except for holo-WT and holo-S82D
(200 nM thermolysin). Samples were analyzed in SDS-PAGE gels (12%
acrylamide) and stained with Coomassie® Brilliant blue R250 (Sigma-
Aldrich). The intensity of the bands was quantified using ImageJ
(https://imagej.nih.gov/ij/). Experiments were performed three times,
and the time-dependent decay of uncleaved NQO1 was used to deter-
mine first-order rate constants from exponential functions. Second-
order rate constants (kprot) were obtained by dividing first-order rate
constants by the protease concentration used.

2.8. Far-UV circular dichroism (CD) spectroscopy

Far-UV CD spectroscopy was performed at 25 °C in K-phosphate
20 mM at pH 7.4 using 5 μM (in monomer) of apo-proteins with or
without 100 μM FAD. Spectra were collected in a Jasco J-710 spectropo-
larimeter in the 190–260 nm range, at 100 nm·min−1, using 1 nm
bandwidth, 1 s response time and 1 mm path length cuvettes. Each
spectrumwas the average of four scans, and each sample was prepared
in triplicate. Blanks containing buffer (with or without FAD) were also
measured under the same experimental conditions and appropriately
subtracted. To calculate mean residue ellipticities ([Θ]MRW), we used
the following equation:

Θ½ �MRW ¼ MRW � Θobs

10 � l � c

where MRWwas equal to the molecular weight of the NQO1 monomer
(30,868 g·mol−1) divided by (N-1), being N = 274 the number of res-
idues in the monomer, Θobs was the ellipticity (in deg), l was the path
length (in cm) and c the concentration of protein in g·mL−1. Spectra
were reported as mean ± s.d. from three replicates.

2.9. Dynamic light scattering (DLS)

DLS was measured at 25 °C in a DynaPro MSX instrument (Wyatt)
using 1.5 mm path length cuvettes and 5 μM apo-protein (monomer),
in K-phosphate 20 mM at pH 7.4 and in the absence or presence of
100 μM FAD. Twenty spectra were acquired for each DLS analysis, aver-
aged and used to determine the hydrodynamic radius assuming spher-
ical scattering particles (using the Stokes-Einstein approach). Datawere
reported as mean ± s.d. from three replicates.

2.10. Thiol-modification kinetics

Thiol-modification kinetics of C180 inNQO1 sampleswasmonitored
by measuring the changes in A412nm using 5,5′-dithio-bis-[2-
nitrobenzoic acid] (DTNB). Experiments were performed in K-HEPES
50 mM, pH 7.4 at 25 °C in a HP 8453 UV–Visible diode-array
spectrophotometer (Agilent). Samples were incubated for 5 min in
1 cm cuvettes containing routinely 10 μM NQO1 in protein monomer
with or without FAD 50 μM. The reaction was initiated by adding
DTNB to a final concentration of 1 mM unless otherwise indicated. The
kinetics of DTNB reaction with free L-Cys was determined using 2 μM
of the amino acid and 10–50 μM of DTNB under the same conditions.
The amount of reactive C180 in NQO1 samples was determined upon
subtraction of blanks without protein and after 1 h reaction with
DTNB, using a ε412 = 14,105 M−1·cm−1 and normalized by protein
monomer. Reaction kinetics was determined under pseudo first-order
conditions (excess of DTNB) by fitting the time dependence of A412nm

to a single exponential function to yield pseudo first-order rate con-
stants. The second-order rate constants were determined from the lin-
ear dependence of pseudo first-order rate constants on DTNB
concentration.

2.11. Aggregation kinetics

Aggregation kinetics was monitored following changes in A320nm

using a HP 8453 UV–Visible diode-array spectrophotometer (Agilent).
900 μL of K-HEPES 50 mM at pH 7.4 was preincubated at 37 °C inside
quartz cuvettes for 10 min and then 100 μL of protein samples (20 μM
apo-protein, in the absence or presence of 200 μM FAD) were diluted
into the buffer and manually mixed. A320nm was registered for
80–85 min. Control experiments containing only buffer (with or with-
out a final concentration of 20 μMFAD)were routinely performed to as-
sess background stability. Maximal aggregation rates were determined
from first-derivative analyses of the time-dependent A320.

2.12. Interaction of NQO1 with the sterile alpha motif of p73α (SAMp73α)

The interaction of SAMp73αwith purifiedNQO1proteinswas inves-
tigated by nuclear magnetic resonance (NMR) spectroscopy. 15N-
labelled SAMp73α was produced and purified as previously described
[66,67]. 2D 1H-15N HSQC (heteronuclear single-quantum coherence)
experiments were acquired and analyzed as described [46,58]. Data
were collected at 25 °C on a Bruker Avance DRX-500 spectrometer
equipped with a triple-resonance probe and z-gradients. Samples
contained NQO1 proteins (at 300 μM in monomer) and 15N-labelled
SAMp73α (300 μM) in 50 mM phosphate buffer at pH 6.9 with 200
μM of FAD.

2.13. Molecular dynamics (MD) simulations

Molecular dynamics of NQO1 in the dimeric formwas performed by
using the GROMACS package [68], largely following a protocol previ-
ously applied [53]. Eight simulation runs were carried out, differing by
the absence or presence of (1) the FAD cofactor (apo- and holo-states,
respectively), (2) the P187S polymorphism, and (3) the
phosphomimetic mutation S82D. The protein structures were built
starting from the crystallographic structure of the holo protein (PDB
entry 1D4A [49]). Addition of a few missing atoms and residue modifi-
cations at the mutation sites were carried out in silico by using Visual
Molecular Dynamics (VMD) [69].

The protein was solvated in a rhombic dodecahedron box with a
minimum distance of 1 nm from each wall, resulting in ~17,800 water
molecules, and Cl− counterions were added to obtain an overall neutral
system charge. Classical molecular dynamics was performed with peri-
odic boundary conditions in the isothermal-isobaric ensemble, using
the AMBER force field 99SB-ILDN for the protein [70], the generalized
AMBER force field (GAFF) for FAD [71], and the TIP3P model for water
[72]. Other conditions, including reference values and coupling times
for the thermostat and barostat, modeling of non-bonded Coulomb
and van der Waals interactions, and distance constraints on bonds,
were as previously described [73,74]. Each simulation run was carried
out with a sampling time of 1 ps for a total time of 100 ns.

https://imagej.nih.gov/ij/
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The structural and dynamic properties of NQO1 were assessed by
calculating atomic deviations and fluctuations in the protein structure,
after rototranslationwith a least squares fit to the Cα atomswith respect
to the starting conformation to account for protein diffusion. Equilibra-
tion of protein inner motion was assessed bymonitoring the root mean
square deviations (RMSDs) of Cα atoms; 10 ns were typically sufficient
for the holo-WT forms, and further analysis was carried out in the
20–100 ns time interval for ensuring a complete equilibration in all
the cases. For all simulations, atomic deviation (RMSD) and fluctuation
(root mean square fluctuation, RMSF) values were averaged on both
proteinmonomers, and the two outmost residues at theN andC termini
of the protein chains were excluded in the analysis due to their high
mobility.

2.14. Expression analyses in eukaryotic cells

Site-directed mutagenesis to S82D or S82A was carried out on the
pCINEO plasmids containingWT and P187S NQO1 sequences earlier de-
scribed [58] and using the QuickChange lightening kit (Agilent Technol-
ogies, Madrid, Spain) following standard protocols. Mutagenesis was
confirmed by DNA sequencing.

Caco-2 cells were grown, maintained, transfected and selected as
described in [58]. Cells were lysed in RIPA buffer (50 mM Tris-HCl,
150 mM NaCl, 0.1% Triton X-100, 0.1% sodium dodecyl sulphate,
1 mM sodium orthovanadate, 1 mMNaF at pH 8) with protease inhibi-
tors (COMPLETE, Roche, Spain). Upon centrifugation at 20000 g for
30 min at 4 °C, soluble protein extracts were collected and denatured
with Laemmli's buffer under reducing conditions. Samples were re-
solved using 12% SDS-PAGE and transferred to polyvinylidene
difluoride membranes (GE Healthcare) using standard procedures. Im-
munoblotting was carried out using primary monoclonal antibodies
anti-NQO1 (sc-393,736, that recognizes the amino acids 249–270 at
the C-terminus) and anti-β-actin frommouse at 1:500 and 1:10000 di-
lutions, respectively. As secondary antibody, chicken anti-mouse IgG-
HRP were used at 1:2000 dilution. All antibodies were purchased from
Santa Cruz Biotechnology. Samples were visualized using luminol-
based enhanced chemiluminiscence (from BioRad Laboratories).

2.15. Activity measurements

NQO1 activitywasmeasured in 50mMK-HEPES at pH 7.4 and 25 °C.
Experiments were carried out in a thermostatized Agilent 8453 diode-
array spectrophotometer using 1 cm plastic cuvettes. For purified
NQO1 proteins, the reaction contained NQO1 (1 nM for WT and S82D
and 1–4 nM for P187S and P187S/S82D), 10 μΜ FAD and 0.5 mM
NADH. This mixture was incubated for 5 min at 25 °C. The reaction
was then triggered by the addition of 2,6-Dichlorophenolindophenol
(DCPIP, final concentration of 50 μM) as the electron acceptor. Initial re-
action rates were determined from time-dependent changes in A600nm

resulting from the reduction of DCPIP. Blankswithout NQO1weremea-
sured to account for the non-enzymatic reaction rates and subtracted.
The activity was calculated using ε600 nm = 21,000 M−1·cm−1 for
DCPIP and reaction rate constants (k) were determined by dividing
the reaction rates by the NQO1 concentration.

For activity measurements in cell extracts, cells were grown as de-
scribed in Section 2.14, collected in 50mMK-HEPES at pH 7.4 with pro-
tease inhibitors (COMPLETE, Roche, Spain) and lysed by freezing-
thawing cycles. Soluble extracts were those supernatants obtained
upon centrifugation at 18000 g for 20min at 4 °C. Total protein concen-
tration was determined by the BCA method (Pierce) and extracts were
immediately used for measurements. Activity measurements were car-
ried out as describe above for purified proteins, and using 50–150 μg of
total protein and 50 μM FAD. Upon blank subtraction, the activity was
normalized by the amount of total protein used (50–150 μg) to obtain
specific activities.
3. Results

3.1. Phosphorylation at S82 could modulate NQO1 stability linked to FAD
binding affinity

As previously noted, NQO1 is a paradigmof flavoprotein inwhich in-
tracellular degradation is coupled with the levels of the (flavin-free)
apo-state [5]. In addition, the cancer-associated P187S variant decreases
FAD binding affinity, and its ubiquitinylation and proteasomal degrada-
tion occurs efficiently either in the apo- or holo-states [5,53]. According
to the PhosphoSite Plus® database, human NQO1 contains nine poten-
tially active phosphorylation sites (S40 and S82, as well as Y20, Y43,
Y68, Y76, Y127, Y129 and Y133), all of them located in the NTD [75].
Among them,we decided to investigate the consequences of phosphor-
ylating S82 through a phosphomimetic S82D mutation, because:
i) intracellular phosphorylation of S82 is well established and validated
by 13 different HTPs, and well conserved across mammalian NQO1
(human, rat and mouse NQO1) although the kinase(s) responsible for
its phosphorylation are not known; ii) mutations to E or D should
mimic more realistically serine phosphorylation than tyrosine phos-
phorylation [76–79]; iii) a phosphomimetic strategy allows one to ob-
tain site-specific and homogenous protein preparations for in vitro
studies, while their use in transfected cells allows one to switch on
(S82D) and off (S82A) the modification, thus providing a characteriza-
tion of these two limiting behaviors (i.e. full vs. non phosphorylated,
respectively); and iv) previous analyses by MALDI-TOF mass-
spectrometry and peptide fingerprinting showed that NQO1 as
recombinantly expressed in E. coli is not phosphorylated in this position
[46,47]. Thiswas confirmed by a side by side characterization of purified
WT and P187S proteins carrying either S82A or S82D mutations
(Fig. S3).

Structural and modeling studies on NQO1 predicted a significant ef-
fect of phosphorylating S82 on the stability and function of NQO1. The
X-ray crystallographic structures showed that S82 was moderately
solvent-exposed (20 ± 5% solvent exposure, from the structures with
PDB codes 2F1O, 5FUQ and 4CF6) and it was located relatively far
away from the FAD bound molecule (distance ≥ 15 Å) (Fig. 2A). How-
ever, S82 was located next to the loop 57–66, a region whose dynamics
is affected by the P187S polymorphism that reduces FAD binding affin-
ity [52,53,58]. The dynamics of this loop was previously shown to be
linked with the evolutionary divergent electrostatic network involving
E71, E78 and R/H80 [52,53,58]. These sequences adjacent to the
phosphorylatable S82 arewell-conserved acrossmammalian sequences
and locatedmostly exposed to the solvent (Fig. 2B). Although the kinase
(s) responsible for S82 phosphorylation are unknown so far, sequence
analyses using pkaPS (http://mendel.imp.ac.at/pkaPS/) supported that
S82 in the human sequence was a potential hit for PKAmediated phos-
phorylation (Fig. 2B). Interestingly, the R80H transition, that recently
occurred during primate evolution facilitating NQO1 inactivation due
to P187S [52,58], may have rendered this sequence less prone towards
PKA phosphorylation (Fig. 2B). Modeling phosphorylation of the S82
or the phosphomimetic mutation S82D on the crystallographic struc-
ture of NQO1 (PDB code 2F1O; [63]) led to similar orientations of this
amino acid side-chain and slightly increased its solvent exposure from
14% to 28% (Fig. 2A). Predicted changes in thermodynamic stability by
FoldX determined using these models in the apo-state also supported
that either phosphorylation or the phosphomimetic mutation S82D
may locally increase the stability of apo-NQO1 by ~1.5 kcal·mol−1, par-
tially overcoming the ~7 kcal·mol−1 destabilization caused by P187S.

3.2. Effect of the phosphomimetic mutation S82D on the conformation and
stability of NQO1 in vitro

To experimentally characterize the effects of the phosphomimetic
mutation S82D on NQO1 WT and the cancer-associated polymorphism
P187S, four variants were recombinantly expressed, purified and

http://mendel.imp.ac.at/pkaPS/


Fig. 2. Structural features of the phosphorylation site at S82 in NQO1. A) Location of S82 and the FAD binding pocket in the dimeric structure of NQO1. Inset: structural models for
phosphorylated (S82-Pi) and phosphomimetic mutation (S82D) obtained using YASARA and the NQO1 structure (PDB code 2F1O). B) Conservation of the amino acid sequence
adjacent to the phosphorylation site at S82. The phosphorylation score was determined using pkaPS [59] and the fractional (solvent) accessible surface area (ASA) was determined
using GETAREA [62]. Data for ASA were mean ± s.d. from six NQO1 crystallographic monomers (from PDB codes 2F1O, 5FUQ and 4CF6).
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characterized in detail: the WT protein, the single variants P187S and
S82D, and the double mutant P187S/S82D. All the variants were highly
active, although the activity of P187S and P187S/S82D was slightly
lower (Fig. S2). The phosphomimetic mutation had no noticeable effect
Fig. 3. Effect of the phosphomimeticmutation S82D on the conformational stability and aggrega
(A) and their corresponding Tm values (B). C) Aggregation kineticsmonitored by turbiditymeas
(lower panel). Data inA and Cwere from three independentmeasurements, and in B andD, the
in the absence or presence of an excess of FAD (20 μM).
on the secondary structure or the hydrodynamic volume of the folded
dimer as apo-protein (Fig. S4). Reconstitution of holo-enzymes led to
an increase in secondary structure and a more compact dimeric confor-
mation (Fig. S4) inWT, but these effects were smaller in P187S, possibly
tion of apo- and holo-NQO1. A–B) Thermal denaturation profiles ofWT and P187S variants
urements (A320) at 37 °C; D)Maximal turbidity values (upper panel) and aggregation rates
mean± s.d. (N=3)were reported. Experimentswere performedusing 2 μMapo-proteins
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due to its partially unfolded CTD in the holo-state (in agreement
with previous reports; [5,46,47,53]). The conformation of WT and
P187S in the apo- or holo-states was not affected by the mutation
S82D (Fig. S4).

We then evaluated the consequences of the mutation S82D on the
conformational stability by thermal denaturation experiments
(Fig. 3A). The phosphomimetic mutation stabilized both WT and
P187S in the apo-state, but abolished the stabilization exerted by FAD
binding (Fig. 3A–B). Whereas the overall conformational stability of
NQO1 variants poorly correlated with their intracellular turnover
[5,46,53], its aggregation propensity has been associated with
coaggregation of other proteins such as the amyloid β-peptide [5]. We
thus measured NQO1 aggregation kinetics in both the apo- and holo-
Fig. 4. Effect of the phosphomimetic mutation S82D on protein local stability and dynamics f
proteolysis kinetics for holo-NQO1 proteins with thermolysin (200 nM in WT and S82D, and
order rate constants (kprot) for holo- and apo-NQO1 proteins, determined from three indepen
or with 10 μM NQO1 proteins (apo- and holo-proteins); D) Fraction of C180 titrated by DTNB
least three independent experiments). E–F) Dependence of pseudo first-order rate constants
S.E. from linear fittings in panel E).
states at physiological temperature (Fig. 3C–D). The results obtained
followed the same trend observed for the effects of P187S and S82D
on thermal stability. As apo-proteins, the maximal aggregation rate for
P187S was about 15-fold faster than that of WT, whereas the S82Dmu-
tation slowed down aggregation by 2- to 3-fold in either WT or P187S
(Fig. 3C–D). Binding of FAD slowed down the aggregation of WT and
P187S by 9- and 6-fold, respectively, whereas FAD binding hardly af-
fected aggregation ofWT or P187S containing the phosphomimeticmu-
tation (Fig. 3C–D). Therefore, phosphorylation of WT and P187S NQO1
may increase their tendency to aggregate under normal or high ribofla-
vin intracellular contents (in which cases the holo-state is expected to
be highly populated [80]), with a potential impact on the aggregation
of other disease-associated proteins such as the amyloid β-peptide [5].
rom proteolysis and thiol-modification kinetics. A) Representative SDS-PAGE analyses of
5 nM protease in P187S and P187S/S82D enzymes, respectively). B) Proteolysis second-
dent measurements of each variant; C) Reaction kinetics of 1 mM DTNB without (blank)
per NQO1 monomer quantified using the A412 after 1 h of reaction (mean ± s.d. from at
on DTNB concentration (E) and corresponding second-order rate constants (F, slopes ±
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3.3. The phosphomimetic mutation S82D perturbs the dynamics of the NTD
and decreases the affinity for FAD

The consequences of P187S on NQO1 intracellular stability and func-
tion are fundamentally linked to changes in protein local dynamics at
the CTD and NTD, respectively [53,58]. These changes can be experi-
mentally and quantitatively assessed using partial proteolysis kinetics
[53,58,65]. We thus performed proteolysis experiments in the NQO1
variantsWT, S82D, P187S and P187S/S82D (Figs. 4 and S5). The proteol-
ysis patterns of either WT or P187S NQO1 were not changed by the
S82D mutation: holo-WT was cleaved at the N-terminus (between res-
idues 72–73 [53]) leading to the accumulation of a 22.8 kDa fragment,
whereas holo-P187S and all apo-NQO1 variants were cleaved at the
CTD (between residues 235 and 237 [53]) leading to the accumulation
of 29.9 and 28.2 kDa fragments (Figs. 4A and S5). Remarkably, the pres-
ence of S82D accelerated proteolysis of holo-WT by 30-fold, revealing
increased dynamics of the NTD (Fig. 4A–B). The local effects on the
NTD due to S82D did not propagate to the CTD, as shown by the small
effects of the phosphomimetic mutation on the apo-NQO1 and holo-
P187S proteins (Figs. 4B and S5). According to recent works
[46,52,53,58], these alterations caused by S82D in the local stability/dy-
namics around the FAD binding site could affect binding of the flavin to
NQO1.

To detect further effects of the phosphomimeticmutation on protein
local stability and dynamics that might not be revealed by proteolysis
experiments, we carried out kinetic experiments of thiol-modification
withDTNB.NQO1 contains a single cysteine (C180)which is fully buried
in the X-ray crystal structures (the solvent accessible surface area was
null in the structures with PDB codes 2F1O, 4CF6 and 5FUQ). In these
structures (obtained with both FAD and dicoumarol bound), C180 was
distant to the FAD binding site (shortest distance ≥ 10 Å), S82 or P187
(≥15 Å) or the N-terminal and C-terminal cleavage sites for thermolysin
Fig. 5. Effect of the phosphomimetic mutation S82D on FAD binding. A) Near UV–visible absor
B) Fraction of NQO1 monomer with FAD bound as they are purified. Data were means ± s.d. fr
unpaired t-test; C) Fluorescence titrations of apo-NQO1 proteins with FAD. Lines were best-fits
derived from fittings shown in panel C (with the corresponding fitting errors). Titrations for W
reproduced with permission.
(≥10 Å). However, due to the highly dynamic nature of NQO1
[35,46,47,53,58], it is possible that C180 is (at least transiently)
solvent-exposed in the apo-state due to conformational fluctuations. In-
deed, C180 in apo-P187S reacted to a large extent with DTNB, while its
reactivity with apo-WT was negligible (Fig. 4C–D). Interestingly, the
phosphomimetic mutation did not affect the fraction of C180 titrated
with DTNB in apo-P187S, but increased notably this fraction in apo-
WT (Fig. 4C–D). Importantly, the reactivity of C180with DTNB observed
in apo-NQO1 containing P187S and/or S82D was fully abolished when
these variants bound FAD (Fig. 4C–D). It is plausible that the high reac-
tivity of C180 towards DTNB observed in those variants containing
P187S and/or S82D is due to enhanced conformational fluctuations in
the apo-state. To confirm this hypothesis, we determined the rate con-
stants for this reaction (Fig. 4E). We found for this constant a value of
0.50 ± 0.03 M−1 s−1 in apo-P187S (Fig. 4F), which is 5000-fold lower
than that obtained for free L-Cys (2.44 ± 0.15·103 M−1 s−1). This low,
but not null, value for this rate constant suggested that C180 in the
apo-state of P187S was only transiently exposed and available for the
reaction with DTNB. Interestingly, apo-S82D showed virtually the
same value for the rate constant than that of apo-P187S,whilemodifica-
tion of C180 in apo-P187S/S82Dwas 6-fold faster than those of the sin-
gle mutants (Fig. 4E and F). Additional support for this interpretation of
DTNB reaction kinetics came from its small dependence on denaturant
concentration, consistent with a local structural fluctuation coupled to
the reaction of C180 with DTNB (Fig. S6).

To test whether the dynamic alterations induced by the
phosphomimetic mutation in the NTD affected FAD binding, we deter-
mined FAD contents in NQO1 variants as they are purified as well as
the binding equilibrium constants for FAD using apo-proteins. The
FAD content of NQO1 proteins from IMAC purification showed a signif-
icant decrease for both WT and P187S in the presence of S82D (Fig. 5A
and B). According to previous studies [51,53,58], these lower contents
ption spectra of NQO1 proteins as purified (average from four independent purifications).
om four independent purifications. Statistical significance was obtained from a two-tailed
to a 1:1 interaction model; D) Kd values for the FAD:NQO1 interaction. Values were those
T and P187S in panel C and the estimated Kd(FAD) values in panel D were from [58] and
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in FAD due to the S82D mutation would indicate lower binding affini-
ties. Direct titrations of apo-proteins with FAD showed that the muta-
tion S82D decreased binding affinities by about 20-fold in both WT
and P187S (Fig. 5C–D and S7). Noteworthy, the variant P187S/S82D
showed almost 1000-fold lower affinity for FAD than WT NQO1. These
results suggested that phosphorylation of S82 may substantially shift
the FAD binding equilibrium towards the apo-state under physiological
conditions, particularly in combination with P187S.
3.4. The phosphomimetic S82Dmutation affects but does not abolish the in-
teraction of NQO1 with SAMp73α

One of themost important functions of NQO1 is its ability to interact
with a variety of protein partners (such as p53 or p73α) leading to their
stabilization intracellularly [36,38,81,82]. One of the most studied and
important protein partners of NQO1 is the tumour suppressor p73α
[46,82]. The presence of an active NQO1 seemed to play a role in the in-
teraction with the C-terminal SAM domain of p73α (named here as
SAMp73α) [82], although NQO1 forms with low activity such as the
polymorphic P187S (essentially an apo-protein), the WT protein
bound to the inhibitors dicoumarol or ES936, or the C-terminal trun-
cated WT protein retained some capacity to bind p73α [46,83].

To prove the effects of S82D in these protein:protein interactions
mediated by NQO1, we acquired 2D HSQC NMR spectra of 15N-
SAMp73α in the presence of WT, S82D, P187S and P187S/S82D pro-
teins. The interaction with NQO1 proteins caused changes in chemical
shifts or, alternatively, signal broadening in the HSQC spectra of
SAMp73α (Fig. S8 showed some representative examples). Although
the phosphomimetic mutation did not abolish the interaction with
SAMp73α, the set of residues whose signals were affected upon binding
was smaller in those variants containing S82D, particularly for the α-
Fig. 6. The effect of the phosphomimetic mutation S82D in the interaction of NQO1 with SAMp
1COK) highlighting different secondary structure ordered elements and those residues affected
helices 3 and 4 and the helix 310 (Fig. 6). Overall, these results suggested
that phosphorylation of S82 may affect the affinity and/or the binding
mode for the interaction between NQO1 and SAMp73α.
3.5. Local structural and dynamics alterations due to the phosphomimetic
mutation S82D are probed by MD simulations

PreviousMD simulations have indicated that inactivation and desta-
bilization of NQO1 by P187S and its rescue by the H80R mutation have
structural and dynamic basis [46,52,53,58]. In this section, we show that
the impact of phosphomimetic S82D on the affinity for FAD and its op-
posite effects on the conformational stability of holo- and apo-NQO1 are
associated with changes in local structure and dynamics, further
supporting our interpretation of experimental analyses fromproteolysis
and DTNB reaction kinetics

OurMD simulations did not reveal large changes in either the overall
structure or the FAD binding site by the S82D mutation (Fig. S9). How-
ever, we noted some local changes in the conformation of residues
50–70 only in the apo-state, which occurred in the surroundings of
the FAD binding site (Fig. 7A–C). This region, particularly the loop
58–67 and the cluster of electrostatic interactions between E71, E78
and H/R80 are important to modulate FAD binding affinity [52,53]. In
agreement with previous studies [53], this region also manifested a
large decrease in backbone dynamics upon FAD binding (Figs. 7D and
S10). Interestingly, the presence of S82D seemed to reduce this change
in dynamics upon FAD binding by decreasing the fluctuations of this re-
gion in the apo-state and increasing them in the holo-state (Figs. 7D and
S10). Mapping of these dynamic alterations onto the structure of NQO1
also showed that the effects of S82D propagated through the
neighbouring FAD binding site, affecting only small sets of residues in
the CTD (Fig. 7E). These changes in dynamics and structure due to the
73αmeasured by 2D 1H-15N HSQC NMR spectroscopy. Structure of SAMp73α (PDB entry
in the presence of NQO1 variants (as spheres).



Fig. 7. Structural and dynamic changes in the FAD binding site due to themutation S82D fromMD simulations. A–C) Structural overlay of the effect of S82D on the averagedMD structures
of apo- and holo-species (A–B, in grey and cyan). The FAD molecule was shown in surf (apo) and van der Waals representation (holo). The S82/D82 residue was highlighted with a red
circle. Residues 50–70, showing the largest structural differences in the apo state, were highlighted with red arrows in panel A and C). D) Comparison of backbone dynamics (RMSF)
between protein species: difference between all holo-states vs. all apo-states (left), and between variants containing D82 and S82 in the apo-(middle) and holo-states (right).
E) Structural location of residues with larger effects on the dynamics (RMSF variation N 0.05 Å, right panel, and N0.02 Å, middle/left panels) corresponding to the data shown in panel
D. Residues in green/red displayed decreased/increased dynamics (i.e. negative/positive values in the plots of panel D), respectively.
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S82D mutation revealed by MD simulations contributed to explain at
the molecular level the remarkable decrease in FAD binding affinity
that phosphorylation may cause.

3.6. The phosphomimetic mutation strongly decreased WT protein levels in
cells

To test the consequences of phosphorylation at S82 on the steady-
state levels of NQO1, we carried out expression analyses on stably
transfected Caco-2 cells using procedures recently described [58]. Intro-
duction of the phosphomimetic mutation led to a 3-fold decrease inWT
NQO1 protein levels and a concomitantly lower activity, whereas the ef-
fects of S82D on P187S were small (Fig. 8). Due to the well-established
relationship between the intracellular protein levels of WT NQO1, its
rate of proteasomal degradation and the population of the apo-state
[5,35], these results suggested that the phosphomimetic mutation in-
creased the degradation rate of WT NQO1 intracellularly by promoting
the formation of the degradation-prone apo-state.



Fig. 8. Effects of the phosphomimeticmutation S82D on the expression levels of NQO1 in stably transfected Caco-2 cells. A)Western-blot analyses in soluble extracts using anti-NQO1 and
anti-β-actin primary antibodies. B) Expression levels obtained from three different experiments and normalized vs. those of WT NQO1. Data were reported as mean ± s.d. from three
independent measurements. C) NQO1 activity in soluble cell extracts and normalized vs. those of WT NQO1 (63.2 ± 0.4 nM DCPIP·min−1·μg−1 protein). Specific activities were
determined from the linear slope of activity vs. protein concentration plots from at least four independent measurements. The label “mock” in panel C refers to the activity of stably
transfected Caco-2 cells with the empty (no NQO1 cDNA) pCINEO plasmid, and thus provide the background NQO1 activity in these cells.

Fig. 9.Molecular mechanisms describing the proposed link between the effects of S82D on FAD binding and the intracellular stabilities ofWT and P187S NQO1. In the absence of FAD, the
conformational equilibrium of the apo-state contains binding non-competent (BNC) and binding competent (BC) substates according to previous analyses (see [52]). The size of the
symbols corresponding to BNC and BC substates roughly reflects the population of these states.
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4. Discussion

Comprehensive analysis of protein phosphorylation, as well as other
PTMs, through large-scale proteomic approaches has revealed remark-
able complexity and subtleties, with potentially profound implications
to understand cellular metabolism as well as its dysfunction in disease
[3,84–88]. One of the challenges ahead is characterizing the effects of
such PTMs on biological function and activity. Regarding the
flavoproteome, a set of about 100 human proteins involved in multiple
cellular andmetabolic roles and inherited diseases [4], only a small frac-
tion of identified protein phosphorylation events in a few flavoprotein
targets have been investigated so far (Fig. 1). Particularly important,
the effects of phosphorylation on flavin binding and flavoprotein stabil-
ity have not been previously addressed, to the best of our knowledge. To
provide insight into this issue, we carried out a thorough analysis of the
molecular consequences caused by the phosphomimeticmutation S82D
on the stability and flavin binding of human NQO1. NQO1 is one of the
best examples of a flavoprotein with a strong in vivo dependence be-
tween flavin binding and protein stability, which is also perturbed by
the cancer associated P187S polymorphism [5,35,40,47,51,53,58]. Our
results revealed that phosphorylation at S82 may affect the structure
and dynamics of regions next to the FAD binding site, strongly decreas-
ing protein levels (and stability) of WT NQO1 under normal riboflavin
availability.

The results gathered in this work, together with previous results
[5,35,46,47,52,53,55,58], allow us to propose mechanisms linking the
molecular consequences of mimicking phosphorylation of NQO1 at
S82 (investigated through the phosphomimetic mutation S82D) with
their effects in protein structure, dynamics and FAD binding (Fig. 9).
These mechanisms also suggest a molecular framework that provides
a reasonable explanation for the different intracellular response of WT
and P187S to the phosphomimetic mutation. According to general
models of allostery [89],WTNQO1 exists in the apo-state in equilibrium
between two conformational substates or populations, one correspond-
ing to FAD binding non-competent (BNC) substates (resembling the ex-
panded and highly dynamic state observed by experiments and
simulations) and the other to FAD binding competent (BC) substates
(i.e. those resembling the structure of the protein in the holo-state but
without FAD bound) [52]. Previous analyses have indicated that the
BNC substates are highly populated in the absence of FAD [52]. Addition
of FAD leads to a shift between the populations of BNC towards BC sub-
states due to the preferential binding of FAD to the latter [52,89]. Our
MD simulations supported that S82D locked the conformation of the
FAD binding site; this shifted the conformational equilibrium in the
apo-protein towards the BNC substates, which in principle should re-
duce the overall FAD association rates. In addition, the phosphomimetic
mutation perturbed the dynamics of the FAD binding site in the holo-
state, which may favor release of the cofactor thus speeding up the
FAD dissociation rates (Fig. 9). These two effects may contribute to ex-
plain the large decrease in FAD binding due to the mutation S82D. In
this context, the effects of the phosphomimetic mutation on FAD bind-
ing may be linked with those on protein stability inside cells. The effect
of the S82D mutation may promote the population of the apo-state in
cellulo by stabilizing the BNC substates. Concomitantly, such an in-
creased population of the apo-state due to phosphorylation may speed
up the ubiquitin-dependent proteasomal degradation of the WT pro-
tein, for which the population of apo-NQO1 is likely the rate-limiting
factor (Fig. 9). Importantly, these consequences seemed somewhat dif-
ferent for P187S. The polymorphismmay also undergo a similar shift in
the conformational equilibrium towards the BNC substates, but possibly
with small effects on the BC substates or the holo-state due to their in-
herent low population in P187S [52]. However, in the case of P187S, the
effects of S82D had small consequences in the intracellular stability
(Fig. 8), since either BNC, BC or the holo-state are targeted for
proteasomal degradation due to the efficient ubiquitinylation of its flex-
ible and partially unfolded CTD in both apo- and holo-states (Fig. 9
[5,53]). All these features couldmake P187S very susceptible to intracel-
lular degradation whether or not S82 is phosphorylated (Fig. 9).

Overall, ourwork provided insight into the regulation of the stability
of NQO1 with potential implications to understand its dual role in can-
cer development and treatment. The lack of NQO1 protein and activity
of P187S is associated with increased cancer risk [40,43], leading to de-
stabilization of oncosuppressors such as p53 and p73α [46,81,82] and
preventing activation of cancer chemotherapies [56,64]. By contrast,
the WT protein is overexpressed in certain types of tumours and its
pharmacological inhibition is a promising approach to treat cancer
through increased generation of reactive oxygen species [90–93]. In
this context, an alternative approach to target cancer-associated NQO1
overexpression and activity of the WT protein could be the activation
of kinase(s) or inhibition of phosphatase(s) controlling the phosphory-
lation at S82; this would lead to a concomitant decrease in NQO1 stabil-
ity and protein levels. Obviously, this would require the identification of
those kinases/phosphatases involved in this phosphorylation event.

Our results supported that phosphorylation, as well as
ubiquitinylation [5], can be critical for the regulation of the activity
and stability of NQO1, and more generally of many human flavopro-
teins given the general link between their flavin content and degra-
dation rates inside the cell [5]. Importantly, the cross-talk between
different PTMs (e.g. phosphorylation and ubiquitinylation) may
add additional layers of regulation for the function and stability of
human flavoproteins. In particular, our work underscores the impor-
tance of understanding how the effects of disease-associated muta-
tions and PTMs can locally affect structural and dynamical
properties and propagate through the structure to distant sites
[46,53,58]. More generally, we also propose that understanding the
effects of PTMs could provide a deeper understanding of genotype-
phenotype relationships in loss-of-function genetic diseases.
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