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A B S T R A C T

The stability of human flavoproteins strongly depends on flavin levels, although the structural and energetic
basis of this relationship is poorly understood. Here, we report an in-depth analysis on the thermodynamics of
FAD binding to one of the most representative examples of such relationship, NAD(P)H:quinone oxidoreductase
1 (NQO1). NQO1 is a dimeric enzyme that tightly binds FAD, which triggers large structural changes upon
binding. A common cancer-associated polymorphism (P187S) severely compromises FAD binding. We show that
FAD binding is described well by a thermodynamic model explicitly incorporating binding cooperativity when
applied to different sets of calorimetric analyses and NQO1 variants, thus providing insight on the effects in vitro
and in cells of cancer-associated P187S, its suppressor mutation H80R and the role of NQO1 C-terminal domain
to modulate binding cooperativity and energetics. Furthermore, we show that FAD binding to NQO1 is very
sensitive to physiologically relevant environmental conditions, such as the presence of phosphate buffer and
salts. Overall, our results contribute to understanding at the molecular level the link between NQO1 stability and
fluctuations of FAD levels intracellularly, and supports the notion that FAD binding energetics and cooperativity
are fundamentally linked with the dynamic nature of apo-NQO1 conformational ensemble.

1. Introduction

Beyond their essential role in catalysis and regulation, cofactors,
coenzymes and allosteric regulators can be critical for the in vivo stability
of many human proteins, with a particular relevance in human diseases
[1–15]. Among them, flavin-dependent human proteins emerge as a
specially sensitive case [12,13,16]. The human proteome contains
roughly a hundred flavoproteins, many of them associated to genetic
diseases [15]. The intracellular levels of human flavoproteins are strongly
dependent on the availability of the flavin precursor, riboflavin, and in
general, flavin starvation facilitates proteasome-mediated flavoprotein
degradation [12]. As a result, a relationship likely exists between the in
vivo sensitivity of flavoprotein levels/stability, the intrinsic conforma-
tional stability and dynamics of cofactor-free (apo-) proteins and the
binding affinity for the flavin cofactor [5,12].

Among human flavoproteins, NAD(P)H:quinone oxidoreductase 1
(NQO1) shows one of the strongest dependences of in vivo protein levels
with riboflavin bioavailability, due to the well-established relationship
between its proteasomal degradation rates and the population of its
highly dynamic apo-state [12,13,17,18]. In particular, the dynamics of
the C-terminal domain (CTD), rather than the intrinsic conformational
stability, seems to determine the degradation rates (and to a large ex-
tent the steady-state levels) of NQO1 [12,18–20]. NQO1 is a FAD-de-
pendent, two-domain and dimeric protein with multiple functions
[16,21,22]. It catalyzes two-electron reduction of quinones acting as a
detoxifying and antioxidant enzyme and activating certain cancer pro-
drugs [16,21]. In addition, NQO1 interacts with transcription factors
linked to cancer progression, such as p53, p73α and HIF-1α [23,24]. In
vitro and cellular studies have shown that these interactions with NQO1
increase the protein levels of transcription factors by inhibiting their
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proteasomal degradation through different mechanisms [13,23,24]. Its
role in cancer is further supported by its overexpression in certain types
of tumours [25–27].

A single nucleotide polymorphism in NQO1 (rs1800566/c.C609T/
p.P187S) was originally found in cancer cell lines resistant to the an-
titumour quinone mitomycin C [28]. This polymorphism shows a high
frequency in human population and is significantly associated with
increased cancer risk [29]. The P187S polymorphism is known to
abolish NQO1 activity by strongly decreasing FAD binding affinity and
accelerating protein turnover by the proteasome [5,13,17,18,20]. In-
triguingly, the X-ray crystallographic structure of P187S in the FAD-
bound (holo) state only showed subtle local rearrangements [22],
which cannot explain the long-range communication of its effect to the
N-terminal domain (NTD, where the FAD binding site is placed) or the
CTD [18]. Accordingly, molecular dynamics (MD) simulations and
proteolysis experiments have indicated that P187S affects the FAD
binding affinity through local dynamic changes at its binding site in the
apo-state, particularly in the 57–66 loop, while increased protein
turnover is associated with a highly flexible CTD and only prevented
upon binding of the inhibitor dicoumarol [18]. Indeed, Pro187 and FAD
binding sites together with the CTD constitute an allosteric network
that communicates dynamic information through long distances in the
protein conformation ensemble [20]. Very recently, we have identified
a set of consensus amino acids that have diverged along recent evolu-
tionary history of NQO1, yielding the human protein more susceptible
towards inactivation by P187S [19]. Experimental characterization of
two back-to-consensus mutations (H80R and E247Q) has shown that
they strongly protect the polymorphism towards inactivation through
local stabilization of the mutated sites that in some cases propagates to
distant functional sites [19]. In the case of H80R, crystallographic and
small angle X-ray scattering analyses, combined with MD simulations
and binding studies have revealed that Arg80 causes a structural switch
in the apo-state of P187S that overcomes dynamic destabilization at the
loop 57–66 neighbouring the FAD binding site thus stabilizing binding
competent states [19,30].

Despite the prominent role of FAD binding to the stability and ac-
tivity of NQO1, many details on the binding mechanism are unclear.
Intriguingly, (direct) titrations of apo-NQO1 wild-type (WT) with FAD
evidences cooperative behavior, while P187S shows much weaker non-
cooperative binding [5,30]. Conversely, reverse titrations of WT and
P187S into FAD have been described and interpreted as non-cooperative
binding [31]. We report here a detailed characterization of FAD binding
to WT and P187S NQO1 that explicitly and systematically describes the
cooperativity of these interactions. Our analyses allow reconciling dif-
ferent (and apparently conflicting) recent works, demonstrating the role
of the CTD and the H80R mutation on the affinity for FAD and its binding
cooperativity and energetics. Furthermore, we show that the affinity and
energetics of FAD:NQO1 interactions are strongly modulated by phy-
siologically relevant environmental conditions.

2. Materials and methods

2.1. Protein expression and purification

NQO1 variants were expressed in and purified from BL21(DE3) E. coli
cells transformed with pET46 Ek/LIC plasmid containing the corre-
sponding DNA sequences [5,18,20]. His-tagged proteins were purified
using a standard procedure [5,18,19] in which no steps particularly aimed
at removing FAD bound to NQO1 proteins are included. To obtain apo-
proteins, a stripping procedure which consisted in the incubation of pur-
ified proteins with 2 M KBr (and in WT and H80R, using 2 M urea) under
reducing conditions (β-mercaptoethanol 5 mM) with protease inhibitors
(EDTA-free, cocktail inhibitor from ROCHE) to release FAD bound, and
subsequent isolation of apo-proteins was performed by metal affinity
chromatography [5,22]. Apo-proteins were buffer exchanged to HEPES-
KOH 50 mM pH 7.4 and stored at −80 °C upon flash-freezing in liquid

nitrogen. In all cases, it has been verified that apo-proteins obtained by
these procedures remain in a similarly folded, dimeric and stable state
under the experimental conditions used [5,18–20,30].

2.2. Isothermal titration calorimetry (ITC)

Titrations were carried out in an ITC200 microcalorimeter (MicroCal-
Malvern). Proteins and FAD were prepared in HEPES-KOH 50 mM pH 7.4.
All the buffers were prepared and their pH adjusted at 25 °C. Therefore,
small pH changes (lower than 0.15 units) may occur in experiments per-
formed at the lowest temperatures (i.e. 15 °C). Nevertheless, these small
changes in pH should not affect our thermodynamic analyses since control
experiments in a wider pH range (7–8) show negligible effects on binding
thermodynamic parameters (Table S1). FAD and apo-NQO1 concentra-
tions were determined spectroscopically using ε450nm = 11300 M−1 cm−1

and ε280nm = 47900 M−1 cm−1, respectively. In direct titrations, NQO1
proteins were placed in the cell at 10–20 μM (full-length NQO1 variants)
or 4–6 μM (Δ50 variants) in protein dimer, while FAD was placed in the
titrating syringe at 0.3–0.4 mM (full-length NQO1 variants) or
0.15–0.2 mM (Δ50 variants). Titrations consisted of an initial 0.5 μL in-
jection followed by 12–45 injections of 0.8–3 μL spaced 180–360 s. In
reverse titrations, FAD was placed in the cell at 9–12 μM, and titrated using
apo-NQO1 in the syringe (60–70 μM in protein dimer). In some cases,
direct titrations were performed in K-phosphate 20 mM pH 7.4 (in the
absence or presence of 50 mM salts, KCl or KF) or PBS buffer pH 7.4
(10 mM Na2HPO4, 1.8 mM KH2PO4, 137 mM NaCl, 2.7 mM KCL).

2.3. Data analysis of ITC experiments

The binding equilibrium for a homodimeric protein with two ligand
binding sites per dimer can be reduced to three energetically and
structurally distinguishable states:

+ ↔ + ↔P L PL L PL2 2 (1)

This scheme may be represented in terms of the overall binding
parameters:
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where βi are the overall association constants, and ΔHi are the overall
binding enthalpies, or in terms of the site-specific binding parameters:
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where K and α are the site-specific association constant and the co-
operativity constant, and ΔH and Δh are the site-specific binding en-
thalpy and cooperativity enthalpy. Importantly, in the expression for β1
in eq. (2) [PL] represents the binding to any of the two binding sites,
but in the expression for K in eq. (3) [PL] represents the binding to a
specific binding site.

The two sets of equilibrium constants, {β1, β2} and {K, α}, and the
two sets of binding enthalpies, {ΔH1, ΔH2} and {ΔH, Δh}, are related
through these transformation equations [32]:
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or, alternatively:
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