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Abbreviations

Human NQOI is a homodimeric flavoenzyme essential for the redox
metabolism of many substances and implicated in major global health chal-
lenges such as cancer and Alzheimer’s disease. X-ray crystallographic stud-
ies have identified several residues within its substrate binding site
(including Tyr126 and Tyr128) that may regulate catalytic competent bind-
ing of substrates, cofactor redox properties, half-site reactivity, and/or
functional inter-active site negative cooperativity. To elucidate the func-
tional role of Tyr126 and Tyrl28, we generated point mutants at these
positions and assessed their dynamics and kinetic properties.
Hydrogen-deuterium exchange coupled to mass spectrometry revealed that
non-conservative mutations, particularly at Tyrl126, notably disrupted
dynamics not only within the substrate binding site but also in structural
elements connecting the two active sites of the NQOI1 homodimer.
Rapid-mixing pre-steady-state kinetics experiments of the reduction of
NQOI by NAD(P)H showed that mutations to Phe caused a mild decrease
in hydride transfer (HT) efficiency from the coenzyme to the FAD cofac-
tor. In contrast, mutations to Ala resulted in a significantly greater impact
and mutations to Glu nearly abolished HT. Despite these effects, some
mutations moderately affected the non-synchronous catalysis between the
two alternating active sites, but hardly produced an impact on the selectiv-
ity for NADPH versus NADH as hydride donor coenzymes. However, all
variants exhibited markedly impaired enzyme turnover, highlighting alter-
ations in the enzyme’s substrate specificity toward quinones. The data

ASU, aymmetric unit; FAD, Flavin adenine dinucleotide; HDX-MS, Hydrogen-deuterium exchange monitored by mass spectrometry; HEPES,
2-[4-(2-hydroxyethyl)piperazin-1-yllethanesulfonic acid; HT, hydride transfer; K4, catalytic constant; Ky, dissociation constant; kyr, HT rate
constant; K., Michaelis—-Menten constant; kops, Observed rate constant; kyor, Second-order proteolysis rate constant; NAD™, oxidized
f-nicotinamide adenine dinucleotide; NADH, reduced pg-nicotinamide adenine dinucleotide; NADPH, reduced nicotinamide adenine
dinucleotide phosphate; NQO1, NAD(P)H:quinone oxidoreductase 1; ROS, reactive oxygen species; SDS/PAGE, Polyacrylamide gel
electrophoresis in the presence of SDS; Tm, midpoint denaturation temperature; WT, wildtype.
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presented here demonstrate that Tyrl26 and Tyrl28 optimize both sub-
strate binding geometry as well as overall enzyme conformational dynamics
during the asymmetric catalytic cycle of the NQO1 homodimer.

Introduction

The NAD(P)H:quinone oxidoreductase 1 (NQO1; Uni-
Prot ID P15559) flavoenzyme plays a pivotal role in
cellular defense mechanisms against oxidative stress
and toxic quinones, contributing to the control of cel-
lular redox homeostasis. It is a two-electron reductase
that utilizes NADH or NADPH as hydride donors to
catalyze the reduction of quinones to hydroquinones
[1,2]. This reaction is essential for detoxification, as it
prevents the formation of reactive oxygen species
(ROS) through redox cycling. NQO1 is expressed in
multiple tissues, and its expression is regulated by sev-
eral pathways, primarily through the antioxidant
response element mediated by the transcription factor
NRF2 [1,2]. Its physiological functions extend beyond
being an enzyme, since it also stabilizes key regulatory
proteins such as p53, p73, and HIFl« [1,3]. Addition-
ally, NQO1 has garnered significant interest in cancer
research due to its overexpression in certain tumors,
making it a potential therapeutic target [4].
Structurally, NQOI is a homodimer in which each
monomer binds one flavin adenine dinucleotide (FAD)
molecule as cofactor, making two active sites located
at the monomer-monomer interface. Each active site
can accommodate the hydride donors NADH or
NADPH, as well as the hydride acceptor quinones
[2,4]. Residues from both monomers contribute to
each of the two, nominally identical, active sites in
NQOI1 (Fig. 1A). This arrangement promotes the
two-electron reduction through hydride transfer (HT),
leading to the reduction of quinones to hydroquinones
[5,6]. This mechanism prevents redox cycling and mini-
mizes oxidative stress in contrast to one-electron
reduction that generates ROS. Notably, pre-steady-
state enzyme kinetic analysis of the human NQOI
(hereafter NQOI1) reaction revealed the existence of
two different pathways for the FAD HT processes
during both the flavin reductive and oxidative half-
reactions. These findings indicate that the reduction
and oxidation of the two FAD cofactors within the
NQOI1 homodimer occur at different rates, supporting
the existence of functional negative cooperativity [7,8].
Furthermore, room temperature crystallographic struc-
tures along with molecular dynamics simulations for
the interaction of NQOI1 with NADH indicate that
one of the two active sites within the homodimer

preferentially holds the coenzyme in a catalytically
competent conformation over the other [6]. This asym-
metry further explains cooperative effects observed in
the binding of FAD, NADH, and inhibitors [9-12].

Elucidating the structural dynamics, catalytic mecha-
nism, and regulatory features of NQOI is essential for
understanding its roles in health and disease [4], as well as
for developing more effective and structure-based inhibi-
tors for cancer therapies [13]. Structural studies have iden-
tified a set of residues that collectively orchestrate the
NQOI catalysis. Among them, Tyr126 and Tyr128 (num-
bered excluding Metl) are proposed to play critical roles in
stabilizing substrates and catalytic intermediates through-
out the oxidation-reduction process [5,6]. These residues
are thought to participate in hydrogen bonding and stack-
ing interactions with the substrates (Fig. 1B), guiding their
optimal positioning within the active site for catalysis [13].
Moreover, a recent study has also shown that Tyr126 and
Tyr128 may have been evolutionarily selected to confer
specificity toward NADH and NADPH coenzymes, a dis-
tinctive feature that differentiates NQO1 from its paralog
quinone oxidoreductase 2 (NQO?2), which displays very
low efficiency with either coenzyme [14].

In this work, we conducted an in-depth experimental
investigation of the roles of Tyr126 and Tyrl28 in the
conformational stability and function of NQOI. These
residues were conservatively mutated to Phe and
non-conservatively to Ala, while substitutions to Glu
were introduced to probe electrostatics at the substrate
binding site. Mutations to Phe and Ala noticeably
affected NQOI catalytic activity, whereas the mutations
to Glu nearly abolished it. Furthermore, mutations
altered the native NQOI1 local flexibility, both in the
absence and presence of the coenzyme. These results indi-
cate that Tyr126 and Tyrl28 residues are essential for
maintaining the conformational dynamics to ensure cor-
rect positioning of the substrates for efficient catalysis.

Results and discussion

The rationale for generating mutants at Tyr126
and Tyr128

Several mutants were produced at positions of Tyr126
and Tyrl128 at the substrate binding site of NQOI
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Fig. 1. Crystal Structure of NQO1 and structural arrangement of Tyr126 and Tyr128 relative to NAD*/H and FAD. (A) Crystal structure of the
NQO1 homodimer in complex with NAD*/H (PDB 8RFM, chains C and D in ASU). The two NQO1 protomers are shown as light and dark
gray cartoon, with the FAD cofactors and the NAD*/H coenzyme (in active site 2) displayed as sticks, with carbon atoms colored in orange
and violet, respectively. (B) Close-up view of main interactions and key residues at the FAD and NAD'/H binding sites. Key residues
(numbered excluding Met1) at the active site and interacting with the non-reactive moieties of FAD and NAD*/H are shown as sticks. The
image illustrates the stacking of the nicotinamide against the isoalloxazine of FAD, as well as hydrogen bonds (steel lines) formed between
the hydroxyl group of Tyr128 and atoms of the nicotinamide nucleotide of NADH, the side-chain of Arg200 and the adenine nucleotide of
FAD, and the amide of the NADH's nicotinamide and the isoalloxazine of FAD. The Van der Waals surfaces of the Tyr126 and Tyr128 side-
chains are represented as dotted spheres, while those for the coenzyme atoms are shown as transparent spheres. Structure visualized

using PymoL Software.

(Figs 1 and S1). Two mutations were quite conserva-
tive (Tyr126Phe and Tyr128Phe), whereas four were
much more disruptive, almost fully removing the bulky
side-chain (Tyr126Ala and Tyr128Ala) or introducing
a negative charge with changes in side-chain size and
volume (Tyr126Glu and Tyr128Glu).

All NQOI1 variants were produced at good yields
and isolated to a high purity (Fig. S2). As purified, all
of them showed the typical visible spectra for an
almost saturated form of NQOI1 with FAD, except for
the variant Tyr126Ala that hardly showed 30% FAD
occupancy (Fig. S3A). NQOI variants exhibited a
minor alteration in thermal stability compared to the

wild-type (WT) enzyme. Specifically, Tyrl126Ala and
Tyr126Glu showed a slight decrease in Ty, (around
2.5-3°C), while the other variants showed very minor
increases in midpoint denaturation temperature
(Tw) (Fig. 2A). Given that FAD binding is associated
with the thermal stability of NQO1 [11], the reduced
stability observed in Tyrl26Ala may agree with a
lower affinity for FAD, consistent with our visible
absorption measurements (Fig. S3B). Interestingly,
when incubated with increasing concentrations of
NAD?Y, the thermal stability of the WT and Tyrl28
mutants remained largely unchanged (Fig. 2B,C).
These results show that coenzyme binding does not
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Fig. 2. Thermal denaturation of NQO1 variants. Normalized thermal denaturation profiles as followed by Trp fluorescence emission for
NQO1 variants in the (A) absence and (B) presence of NAD*. Data for a single representative experiment for each variant are shown for the
sake of clarity. (C) T, values determined for thermal denaturation of NQO1 variants in the absence (dark gray) and the presence of NAD*
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enhance NQOI1 thermal stability of neither the WT
nor the variants, preventing a definitive conclusion
whether the mutations impair binding. However, the
coenzyme produced a very mild stabilizing effect in the
less stable Tyr126Ala and Tyrl126Glu mutants, sug-
gesting that at least these variants may retain some
ability to interact with NAD™.

Mutations of Tyr126 and Tyr128 modulate the
conformational stability of NQO1

Hydrogen-deuterium exchange mass spectrometry
(HDX-MS) has been instrumental in quantifying the
effect of mutations and ligand binding on the local
structural stability and function of NQOI1 [8,15-17].
The HDX behavior of WT NQOI essentially followed
an EX2 mechanism in which the observed exchange
rate constants reflect in part the thermodynamic and
conformational stability of the exchanging local
regions or segments [15]. In most cases, the exchanging
transients were well described by a single-exponential
function typically with a significant burst phase
(Figs S4, S5, S6, S7 and S8 and Table S1). This indi-
cates significant conformational diversity in the
native-state ensemble of WT NQOI1 (FAD-bound
NQOI), likely associated with its cooperative func-
tional behavior toward substrates and inhibitors
[7,11,15,18].

Here, we first used HDX-MS to quantify the impact
of mutations at Tyr126 and Tyr128 on the local confor-
mational stability of NQOI (when saturated with
FAD). The most remarkable effects were found in the
Tyr126Ala and Tyr126Glu variants, while the behavior
of Tyrl126Phe and Tyr128Phe was WT-like (Figs 3A
and 4A.,B). In Tyrl26Ala and Tyr126Glu variants, the
compactness of regions 42-90, 105-112, 119-124,
129-141, 231-240 and 262-273 was thermodynamically
reduced (according to an EX2 mechanism [15]), particu-
larly of segments 54-74 and 131-140. Destabilization of
the N-terminal segment 54-74 was further confirmed by
proteolysis experiments with thermolysin that cleaves
between residues 71-72 [19], and showed a remarkable
local thermodynamic destabilization of this region by
the mutations Tyrl26Ala and Tyr126Glu (~1.4-
1.6 kcal-mol "), whereas the mutant Tyr128Ala exhib-
ited a milder local destabilization (~0.5kcal-mol™")
(Figs 5 and S9, Table S2). In general, these locally
destabilized segments are not directly involved in the
NQOI active site, but when mapped on NQOI1 struc-
ture they surround the substrate binding site with the
two tyrosine residues forming the core of the ring
(Fig. 3B). The only exception is the 105-112 segment,
which contains strongly conserved residues, some of

Tyrosine residues in NQO1 substrate site dynamics

them, as Trpl05 and Phel06, contributing from the
other protomer, being critical for forming the
isoalloxazine active site and playing a vital role in
catalysis [19]. Of note is that the destabilization
induced by Tyr126Ala and Tyr126Glu mutations prop-
agates from the mutation site toward regions 42-90 in
both protomers (Figs 3B and 4A,B). These regions
face each other and serve as a long-range connection
between the two substrate binding sites within the
homodimer.

On the contrary, the Tyr128Glu replacement slightly
stabilizes some of the above-mentioned regions relative
to WT NQOI (blue instead of red in Figs 3A and 4A,B),
while the rest of mutations produced minimal effects on
the local and long-range conformational stability of
NQOI (Figs 3A and 4A,B and Table S2). The differing
HDX effects of Ala and Glu mutations at Tyr126 and
Tyr128 can be a consequence of the distinct interactions
that these side-chains make with the protein environ-
ment and the coenzyme (Fig. 1). The side-chain of
Tyr128 makes minimal contacts with other protein resi-
dues, contributing to the channel that guides the nico-
tinamide of NADH to the active site and directly
hydrogen bonding its hydroxyl to the nicotinamide and
ribose moiety of NAD*/H [6]. In contrast, Tyr126 is
deeply embedded at the bottom of the active site cavity,
which likely enhances its significance in NQO1 confor-
mational dynamics and function. Tyr126 contacts the
main chain atoms of the 123-126 loop as well as the
Phel78 side-chain; meanwhile, its hydroxyl directly
points to the nicotinamide of the bound coenzyme. Fur-
thermore, former molecular dynamics simulations indi-
cated that the transient stacking interaction of the
nicotinamide is more prevalent to Tyrl126 than to
Tyr128 and envisaged short-lived polar contacts
between the Tyrl26 hydroxyl group and the amide
atoms of the coenzyme [6].

NAD* binding reduces the conformational
flexibility of WT NQO1, but has a reduced effect
on Tyr to Ala/Glu mutants

We also analyzed the effects of binding of NAD" to
NQOI on its conformational stability and flexibility by
HDX-MS (Figs 6A and 7, and Table S1). In the pres-
ence of a large excess of NAD™, the WT protein
showed  moderate  conformational  stabilization
(between 10 and 20 A%D,,, Tables S3 and S4) of
three main segments, 65-75, 132-140, and 232-239.
Using a cut-off of 5-10 A%D,,, segments 42-64,
76-89, 121-124, 129-131, 141, 191-201, 229-231,
240-244, and 269-270 were also mildly stabilized
(Figs 6B and 7 and Table S1). Notably, these
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Fig. 3. Effects of Tyr126 and Tyr128 variants on the HDX-MS of NQO1. (A) Differential HDX-MS heat maps between mutants and WT for
NQO1 (with excess of FAD) showing regions of conformational destabilization (red shades) or protection (blue shades) (A%D) induced by
mutations of Tyr126 (upper panel) and Tyr128 (lower panel). The x-axis indicates the NQO1 sequence, while different rows for each mutant
correspond to exchange times of 20's, 3min, 10 min, 1h, and 3 h. The color scale is shown to the right. (B) Mapping of regions destabilized
by the Tyr126Ala and Tyr126Glu mutations on the 3D structure of the NQO1:NAD*/H homodimer (PDB 8RFM). Each NQO1 protomer
(chains C and D in the ASU) is shown as a light and dark gray surface. The FAD cofactors and the NAD*/H coenzyme are shown as sticks
with carbons in orange and violet, respectively. Mild and moderate destabilized regions are respectively highlighted in dark and pale reds for
protomer C and dark and pale purples for protomer D. Residues 126 and 128 are highlighted in wheat. The figure shows for each mutant a
side view at the binding site occupied by the NAD*/H coenzyme in PDB 8RFM as well as subsequent x-axis 90° rotations from the initial
view. Heat mapping of A%D,, data for each individual mutant regarding the WT NQO1 can be found in Fig. 4. Structure visualized using
PymoL Software.

NAD™-induced changes not only affected the coen- conformational stiffening that can be associated with
zyme binding site locally but also propagated over reduced plasticity, consistent with the decreased flexi-
long ranges (Figs 6A, 7 and S10), inducing a global bility observed in the crystallographic structure of the
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Fig. 4. Effects of Tyr126 and Tyr128 mutations on NQO1 conformational stability. Heat mapping of HDX-MS A%D,, data (Tables S3 and S4)
for the difference between each mutant and WT NQO1, with excess of FAD (data from Fig. 3A), on the 3D structure of the NQO1:NAD*/H
homodimer (PDB 8RFM, chains C and D) for mutants at position (A) 126 and (B) 128. For each mutant, plots highlight segments exhibiting
destabilization (red shades) and protection (blue shades) compared to the equivalent segments in WT NQO1. The FAD cofactors and the
NAD*/H coenzyme are indicated as sticks with carbons in orange and violet, respectively. The figure shows a side view of the binding site
occupied by the NAD*/H coenzyme in PDB 8RFM (top panels) as well as an x-axis 90° rotation of that view (bottom panels) for all variants.

Structure visualized using PymoL Software.

NQOI1:NAD*/H complex upon coenzyme binding [6].
Furthermore, comparison of Figs 3B and 7 clearly
illustrates that NAD* binding particularly stabilizes
regions of the WT enzyme that match to regions
slightly destabilized in Tyr128Ala but particularly
destabilized in Tyrl126Ala/Glu mutants. This suggests
that these regions are part of the global

conformational network essential for productive coen-
zyme binding and that such regions are particularly
destabilized by the indicated mutations.

We then compared the ability of NAD™ to stabilize
each mutant relative to the stabilization observed in
WT NQOI. Mutants Tyr128Phe and, particularly,
Tyr126Phe showed a stabilizing effect similar to that
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Fig. 5. Proteolysis kinetics of NQO1 variants in the presence of thermolysin. (A-G) Densitometry analysis of SDS/PAGE gels for each NQO1 variant
incubated with increasing concentrations of thermolysin (color code indicated in each panel; data from a single experiment). Lines represent best-
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vicinity of the primary cleavage site (S71-V72; [20]) from the values of kyot as follows: AA Gyror = —RTIN (Korotmutant/(Korotowm)-

observed for the WT (neutral A%D,, values across
their sequences and structures) (Figs 8A,B and 9,
Tables S3 and S4). NAD™ has hardly any stabilizing
effect on segments destabilized by the Tyr126Ala and

© 2026 The Author(s). The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Tyr126Glu mutations, while it has a mild effect on
Tyr128Ala mutation (compare red shaded segments in
Figs 4A and 9A). In the case of the Tyr128Glu mutant,
despite the data suggesting over-stabilization relative to
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Fig. 6. Conformational stabilization of NQO1 variants by NAD". Heat mapping on the 3D structure of the NQO1:NAD*/H homodimer (PDB
8RFM, chains C and D) of HDX-MS A%D,, data showing segments stabilized by the presence of NAD*. (A) Mapping of data for WT NQO1.
The figure shows a side view of the binding site occupied by the NAD*/H coenzyme in PDB 8RFM (left) as well as an x-axis 90° rotation of
that view (right). (B) Mapping of data for the Tyr126 and Tyr128 mutants. The figure shows a side view of the binding site occupied by the
NAD*/H coenzyme in PDB 8RFM (top panels) as well as an x-axis 90° rotation of that view (bottom panels) for each variant. The FAD
cofactors and the NAD*/H coenzyme are indicated as sticks with carbons in orange and violet, respectively. Structure visualized using PymoL
Software.

© 2026 The Author(s). The FEBS Journal published by John Wiley & Sons Ltd on behalf of 9
Federation of European Biochemical Societies.

85U80| 7 SUOWILLIOD SRR 3|qedl|dde 3y} Aq peusenob a2 il YO ‘8sN 4O S8|n1 10} A%eiq 1T 8UIIUO /B|1M UO (SUOIPUOO-PUe-SWLISYW00" A8 | 1mAle.d | Buljuo//Sdiy) SUORIPUOD Pue Swi 1 8u) 83S *[9202/70/7T] Uo Ariqiauljuo A8|im ‘ezofelez 8 pepseAIUN AQ TTSOL'SHRY/TTTT OT/I0P/LIOY A8 |IM AReiq iUl U0'SRY//SANY WO} papeojumod ‘0 ‘8S9YZrLT


https://doi.org/10.2210/pdb8RFM/pdb
https://doi.org/10.2210/pdb8RFM/pdb
https://doi.org/10.2210/pdb8RFM/pdb

Tyrosine residues in NQO1 substrate site dynamics

121-124

132-140

232-239

Chain D

5-10%

BADG 10-20%

10-20%

90°

M. Rivero et al.

132-140

Fig. 7. Global stabilization of WT NQO1 upon binding of NAD*. Mapping of regions stabilized upon NAD* binding on the 3D structure of the
NQO1:NAD*/H homodimer (PDB 8RFM). Each NQO1 protomer (chains C and D in the ASU) is shown as a light and dark gray surface. The
FAD cofactors and the NAD*/H coenzyme are depicted as sticks with the carbons in orange and violet, respectively. Mild and moderate
stabilized regions are respectively highlighted in dark and pale blues for protomer C and dark and pale greens for protomer D. Residues 126
and 128 are highlighted in wheat. The figure shows for each mutant a side view at the binding site occupied by the NAD*/H coenzyme in
PDB 8RFM as well as subsequent x-axis 90° rotations from the initial view. Heat mapping of A%D,, data can be found in Fig. 6 and D,,
values for all segments are provided in Tables S3 and S4. Structure visualized using PymoL Software.

WT NQOI1:NAD" (Figs 8A and 9B), it is worth remind-
ing that this mutation induces a protein conformational
stiffening (Figs 3A and 4B) that, apparently, is stronger
than the one induced by the coenzyme in the WT
enzyme. These observations support altered NAD*
binding by mutations to Ala and Glu (possibly due to
altered affinity). In agreement, comparing the pattern
for deuterium incorporation for WT and the mutants
(Figs 6A,B and 8B), both glutamate variants failed to
show any stabilization when NAD* was added to the
exchange reaction while Phe variants show the closest
to WT levels of stabilization and Ala variants only show
some minor stabilization. Consequently, when in the
presence of NAD™, the mutants Tyr128Ala and, partic-
ularly, Tyr126Ala/Glu are less compact than the WT
protein at these segments (Figs 6 and 9). In the
Tyr126Ala/Glu variants, this is further supported by
increased conformational flexibility, which propagates

far from the mutation sites and connects both active
sites through the same protomer—protomer interface
that links them upon WT NQOI stabilization by NAD™
(Figs 3A, 7 and 9A).

Tyr126 and Tyr128 are key players for the
efficient catalytic activity of NQO1

Pre-steady-state enzyme kinetic analysis of WT NQOI1
has revealed two different pathways for the FAD
reductive half-reaction by the NADH coenzyme,
termed fast and slow, indicating that the reduction of
the two FAD molecules within the NQO1 homodimer
occurs at different rates in a non-synchronized manner
[7]. Moreover, only the fast process was compatible
with the catalytic constant, making the flavin reductive
half-reaction the limiting step in overall catalysis under
steady-state conditions, and indicating that the slow

10 © 2026 The Author(s). The FEBS Journal published by John Wiley & Sons Ltd on behalf of
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Fig. 8. Effects of the binding of NAD* on the HDX-MS profiles of NQO1 variants. Differential HDX-MS heat maps for WT NQO1 and
Tyr126/Tyr128 variants in the presence of NAD*. (A) Absence (red shades) or presence (blue shades) of conformational stabilization (A%D)
relative to the corresponding WT NQO1 segments caused by mutations at Tyr126 (upper panel) and Tyr128 (lower panel) both in the
presence of NAD™ (with excess of FAD and NAD™). (B) Differences in deuterium incorporation for each NQO1 variant when in the presence
and absence of NAD™. The x-axis represents the NQO1 sequence; exchange reaction times for each row are indicated on the right, and the

color scale is shown to the right of the plots.

phase possibly represents an off-pathway process that
is catalytically irrelevant [7]. Such behavior has also
been found in most point mutants so far evaluated
[8,17,19]. When evaluating the NADH-dependent fla-
vin reductive half-reaction for variants at Tyr126 and
Tyr128, mutants specifically perturbed some features
compared to the WT (Table 1 and Fig. 10). Mutations
affected times required for achieving reduction of each
of the two FAD cofactors within the homodimer
and/or ratio of oxidized/reduced FAD cofactors upon
achieving the reaction equilibrium (Figs 10 and 11).
Nonetheless, spectral deconvolution of multi-
wavelength time-resolved data indicated that for all
variants reduction of the two FAD cofactors occurs

through two kinetically separated processes, as previ-
ously described for the WT enzyme [7] (Fig. 11).
Noticeably, the deleterious effects caused by some of
the mutations in the kops s values (see Fig. 12A-D
and Table 1) enabled experimental observation of the
FAD reductive half-reaction using NADPH as hydride
donor at different coenzyme concentrations, a process
that was too fast to be captured in the WT enzyme
and earlier studied variants (Figs S11 and S12) [7].
The variants Tyr126Ala or Tyr128Ala became
nearly fully reduced by both NADH and NADPH
(Figs 10A.B, S11A and S11B). Moreover,
time-dependent spectral deconvolution revealed that in
both variants the FAD reduction process exhibited

© 2026 The Author(s). The FEBS Journal published by John Wiley & Sons Ltd on behalf of 1

Federation of European Biochemical Societies.

85UB0 11 SUOLLLIOD 9AIE810 3 o idde 8Ly Aq peusanob ae SaoiLe VO ‘asn J0 Sajnu Joj ATeJd1 aUIUO /B|IA UO (SUOTIPUOO-PUE-SULBYWI00 A3 1A AReiq 1BUUO//SANL) SUOIIPUCD PUE SWLS | aU) 89 *[9202/v0/T] Uo Ariqi auluo 4|1 ezoBerez oq pepsionun Aq TTS0L SEYTTTT OT/10pU0D™/a| 1M ATeIq1PUI[UO'STR /SNy WO} Papeojumod ‘0 ‘8a9vzyLT



Tyrosine residues in NQO1 substrate site dynamics

0 Tyr126Glu

M. Rivero et al.

Tyr126Phe

Tyr128Phe

-20 A%D,, +20

Fig.9. Effects of Tyr126 and Tyr128 mutations on NQO1 conformational stability upon binding of NAD*. Mapping of HDX-MS A%D,, data
for the difference between each mutant and WT NQO1, both with excess of NAD* (data from Fig. 8A), on the 3D structure of the NQO1:
NAD*/H homodimer (PDB 8RFM, chains C and D) for mutants at position (A) 126 and (B) 128. Plots highlight segments for each one of the
mutants exhibiting absence of stabilization (red shades) and over-stabilization (blue shades) when in the presence of the coenzyme
regarding the equivalent segments in WT NQO1-NAD* samples. The FAD cofactors and the NAD*/H coenzyme are shown as sticks with
carbons in orange and violet, respectively. The figure shows for each mutant a side view at the binding site occupied by the NAD*/H
coenzyme in PDB 8RFM (top) as well as a x-axis 90° rotation of that view (bottom). Structure visualized using PymoL Software.

distinct fast and slow processes, resembling the kinetic
behavior observed in WT enzyme [7,19], with the fast
phase showing just a slightly larger amplitude (repre-
sentative analyses are shown in Figs 11A,B, SI2A and
S12B). Nonetheless, these mutations had a particularly
negative impact on kops st values (the observed rate
constant for the fast process) across the range of

NAD(P)H concentration evaluated, while kqpssiow
values generally remained closer to those of the WT
enzyme (Figs 12A-D and Table 1). As observed
for the reduction of the WT enzyme by NADH, the
Kobs.fast vValues of Tyr126Ala and Tyr128Ala showed a
hyperbolic dependence on both NADH and NADPH
coenzyme concentrations (Fig. 12A,C). This allowed

12 © 2026 The Author(s). The FEBS Journal published by John Wiley & Sons Ltd on behalf of
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Table 1. Tyr126 and Tyr128 with NAD(P)H. Primary data and fittings are shown in Figs 12A to 12D.

NQO1 Reduction by NADH

Fast Slow

kir (™) KT M) kKT 5T K (5T KPP M) kKM (57 M)
WT? 281412 15.24+1.9 18.6+24 143415 8.2+33 17+0.7
Tyr126Ala 50+ 2 32+2 17403 24 +2 45+10 53+1.5107"
Tyr128Ala 53+ 1 1941 28402 9.3+08 104+4.4 8.9+45107"
Tyr126Glu 1.8+0.4.107"° N.a.P N.a.° 2.8+ 1.4107% N.a.° N.a.p
Tyr128Glu 9.74+0.8107%¢ N.a.c N.a.° 3.9+0.210°% N.a.c N.a.c
Tyr126Phe 290 + 12 28+3 10.3+15 16.1+15 33+5 49+18107"
Tyr128Phe 245 + 20 46+7 53+1.2 6.7+0.7 9.0+2 7.4+22107"
NQO1 Reduction by NADPH

Fast Slow

Kt (s KdNADPH (M) kHT/KdNADPH (wa,prw) Kt ) KdNADPH (M) kHT/KdNADPH (wa'quw)
wWre 261 +13¢4 7.8+0.3°
Tyr126Ala 40+1 6.3+14 63+14 184409 17.242.0 1.1+0.1
Tyr128Ala 176+5 35+3 50+05 212+1.8 11.0+£27 19+05
Tyr126Glu 32401107 Na.° N.a.° 9.24+2.0107% Na.C° N.a.°
Tyr128Glu 25+0.2.107"° N.a.¢ N.a.¢ 84+1.107%¢ N.a.¢ N.a.®
Tyr126Phe 78 + 6 3.0+0.5°
Tyr128Phe 169 +5¢ 12.5+0.9¢

@Data from [7,19]; Pkops is independent of [INAD(P)H], therefore, data do not allow to determine K

NADPH (N .a., not applicable) and the given

value corresponds to a limiting ky calculated as the average of ks at different [NAD(P)HI; ®kqps is linearly dependent on [NAD(P)H], there-

fore data do not allow to determine neither K NAP™H

nor kyt (N.a., not applicable) and the given value corresponds to the second-order rate

constant of the process calculated as the slope of the kuys vs. INAD(P)H] plot (s™"-pM™"); 9Reaction is too fast and kqps Values (particularly
for the fast process, since it occurs in part within the instrumental dead time) cannot be accurately determined when increasing the
NADPH:NQO?1 ratio. The presented values correspond to kops Values determined at stoichiometric concentrations. [Correction added on 10

April 2026 after first online publication: This table has been updated.]

estimation of the dissociation constant (Kdﬁ[‘aslNAD(P)H)

for the NAD(P)H:NQOI1 reactive complexes, as well
as the limiting HT rate constant (kHT,fastNAD(P)H). The
Tyr126Ala and Tyrl128Ala variants increased slightly
the Kd)faStNADH values relative to the WT enzyme by
2.1- and 1.3-fold, respectively, while the kHTQfaStNADH
decreased by ~5.5-fold for both mutants (Table 1).
These analyses revealed that the Tyrl26Ala and
Tyr128Ala variants retained only 10% and 15%,
respectively, of the catalytic efficiency exhibited by the
WT in the fast process for the flavin reductive half-
reaction. The effects of these mutations on the slow
process were milder, with efficiency reduced to 30%
and 55% of the WT levels, respectively (Table 1), indi-
cating changes in synchronization between the two
active sites and a decrease in the negative cooperativ-
ity. The Kd’faslNADPH values for Tyrl26Ala and
Tyr128Ala were 5-fold lower and 1.8-fold higher,
respectively, than their corresponding Kd,fastNADH
values. The kHT’fastNADPH for Tyr126Ala was nearly

identical to kHTfastNADH, while in Tyrl28Ala it

increased by 3.3-fold. As a result, the fast process was
more efficient with NADPH than with NADH, by 3.7-
and 1.7-fold for Tyrl126Ala and Tyrl128Ala, respec-
tively. Although the effect of these mutations on the
slow process was less pronounced than those observed
for Kd,mS[NADPH and kHTﬂfﬂstNADPH, both variants
exhibited more than a 2-fold increase in efficiency with
NADPH compared to NADH. Overall, these results
indicate that the Tyr126Ala and Tyr128Ala mutations,
despite being non-conservative, retain the specificity
toward NADPH. However, they disrupt the functional
cooperativity between the two active sites, likely
through changes in the native-state conformational
ensemble, specifically, the balance between more and
less catalytically competent states [6,7].

The Tyr126Glu and Tyr128Glu variants in NQOI
had a strong deleterious impact on the NAD(P)H-
dependent flavin reductive half-reaction, at both the
fast and slow processes (Table 1, Figs 10C, D, 11C, D,
S11C, S11D, S12C and S12D). Despite nearly full
reduction of the FAD was achieved for both variants

© 2026 The Author(s). The FEBS Journal published by John Wiley & Sons Ltd on behalf of 13
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Fig. 10. Time-dependent spectra of the flavin reduction of NQO1, variants by NADH. Spectral evolution after mixing NQO1 (calculated as
protein fully loaded with FAD at the flavin band I: 7.5-9 pm, except for Y126A where the amount of fully holoprotein used is estimated
around 6 pm) with NADH (20 pm) in 20 mv HEPES-KOH, pH 7.4, at 6 °C. Panels (A-F) correspond to the indicated variants. Different colored
lines show the spectra at different reaction times as indicated in the corresponding legends. The dark gray line represents the spectrum of
NQO1 before mixing with NADH. Absorption is shown in AU. Data are representative from n> 3.

with both coenzymes, the corresponding values for (Fig. 12A-D and Table 1). Noticeably, in this case, the

Kobs.fast and kops siow Were markedly smaller than those amplitude of the fast process was smaller than that of
observed for the WT under equivalent conditions the slow process. These results suggest that the slow
14 © 2026 The Author(s). The FEBS Journal published by John Wiley & Sons Ltd on behalf of
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Fig. 11. Evaluation of individual kinetic processes for the flavin reduction of NQO1 variants by NADH. (A-F) show on the left panels the
deconvolution into spectral species along the process for the indicated NQO1 variants. The % of the total Assq evolved during the entire
reaction is indicated, as well as the % of the Ass0nm for the overall reaction corresponding to the fast (A — B, species A is transformed into
species B) and slow (B — C) processes. In the case of Y126F and Y128F variants, an additional (C — D) process describes a final very slow
reaction that is observed separated from the major ones. A-F show on the right panels time evolution for flavin reduction as followed by
changes in Assonm (black open circles). Lines are best fits to a two-step model (A — B — C) (green lines). For Y126F and Y128F mutants a
lag phase separates these processes from a final very slow process that accounts for a very small amplitude change: in these cases, this
process (C — D) has been independently fitted. The lower right panels show the corresponding residuals (black open circles) for data fitting.
Assonm and AAssonm are shown in mAU. In all cases, shown data correspond to representative transients presented in Fig. 10 after mixing
NQO1 with NADH in 20 mm HEPES-KOH, pH 7.4, at 6 °C. Data are representative from n> 3.
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Fig. 12. Effects of Tyr126 and Tyr128 mutations of NQO1 on the kinetic parameters. Dependence of the pre-steady-state observed rate
constants for reductive HT for the (A) fast and (B) slow processes on NADH concentration, and for the (C) fast and (D) slow processes on
NADPH concentration. Steady-state Michaelis-Menten plots for mutants at (E) Tyr126 and (F) Tyr128 when using NADH as hydride donor
and DCPIP as acceptor. Experimental data for each mutant are colored by symbols as indicated in the figure code. Lines are best fits to a
hyperbolic Michaelis function or to a straight line. Errors are the s.d. from at least three replicates.

pathway predominates over the fast one, thereby
affecting the functional cooperativity between the two
active sites of the enzyme. Moreover, for both fast and
slow processes, the kops *PPH values of the Tyrl28-
Glu variant showed a slight linear dependence on the
NAD(P)H concentration (allowing estimation of a
very slow value for the second-order rate constant). In
contrast, the corresponding values for Tyrl126Glu

showed a linear dependence on NADPH concentration
but were essentially independent of NADH concentra-
tion (Fig. 12A-D and Table 1). These results further
support a remarkable effect on the coenzyme perfor-
mance when either Tyr126 or Tyrl28 are largely per-
turbed. Noticeably, the kops APPH values for both
mutants were slightly higher than the corresponding
kobSNADH values across the concentration range
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evaluated. Altogether, these observations indicate that
substitutions with Glu prevent NQOI1’s ability to
either bind the coenzyme or achieve the catalytically
competent coenzyme orientation for HT from its nico-
tinamide to the isoalloxazine of FAD, thus limiting
the overall reaction kinetics [19]. These data also sug-
gest that the deleterious effect on HT is more pro-
nounced when substituting Tyr126 as compared with
Tyrl28.

Remarkably, the conservative variants Tyr126Phe
and Tyrl128Phe produced NQOI enzymes in which
FAD reduction reached approximately 65-70% across
the NAD(P)H concentration ranges evaluated (Table 1,
Figs 10E.F, S11E and S11F). Moreover, in both vari-
ants, the FAD reduction profiles were best described
by two kinetic processes, fast and slow, with the fast
phase showing just a slightly larger amplitude (repre-
sentative analyses are shown in Figs 11E,F, SI2E and
S12F). It is noteworthy that both mutants displayed a
final, slow decrease in the amplitude of flavin band I,
independently of the coenzyme. This process occurred
after the fast and slow phases and was characterized
by very low ks values, which were essentially inde-
pendent of the NAD(P)H concentration. As observed
for the WT, kobs’fastNADH and kobs,leWNADH showed
hyperbolic dependences on NADH concentration
(Fig. 12A.B). However, when using NADPH as a
hydride donor, the high kobs’fastNADP H values pre-
vented evaluating the NADPH concentration profile
(Fig. 12C). Both variants showed minor effects in
kHT’faStNADH values, whereas the Kd’fastNADH values
increased moderately by ~1.8 and ~3-fold for
Tyr126Phe and Tyrl128Phe, respectively (Table 1).
Consequently, these mutants retained about 55% and
30%, respectively, of the catalytic efficiency exhibited
by the WT for the fast process of the flavin reductive
half-reaction. In the case of the slow process, the cata-
lytic efficiency decreased to approximately 30% and
43% of WT levels for Tyrl126Phe and Tyr128Phe,
respectively.

The NQOI stopped-flow analysis presented signifi-
cant challenges due to the substantial differences in
reaction rates between fast and slow processes. This
disparity hindered complete data collection during the
rapid onset of the fast phase, leading to the above
amplitude estimations being qualitative rather than
quantitative. Initial reports on the WT NQOI
NAD(P)H reductive half-reaction already indicated
that a 50:50 amplitude ratio was only achieved in the
presence of a potent NQOI inhibitor that significantly
slowed the fast phase [7].

Here, it is also worth noting that for certain
mutants, as well as for WT, the presented data show

Tyrosine residues in NQO1 substrate site dynamics

near-complete reduction of both FAD cofactors, in
agreement with full occupancy of both active sites
throughout the measured reaction time. However, Tyr
to Glu substitutions resulted in a qualitative decrease
in both the rate and amplitude of the fast phase, likely
due to changes in the structural and dynamic proper-
ties of the coenzyme binding cavity that prevent coen-
zyme access. In contrast, other variants did not
achieve full reduction of both FAD cofactors, even
though the rates of the fast phase were only moder-
ately affected. These findings highlight the critical role
of these tyrosine residues in substrate binding and
occupancy during the NQOI catalytic cycle. They also
underscore the need for structural investigation to
understand how these residues influence the enzyme’s
conformational dynamics and asymmetric nature.
Given that Phe mutations had only a mild impact
on the pre-steady-state flavin reductive half-reaction,
we next evaluated the impact of all mutations on
NQOI1 catalytic turnover during quinone substrate
reduction. Under steady-state conditions, WT NQOI
exhibited effective K,,"*PH and K,PC"'" values of
276 £9pum and 6.1 £0.9 pm, respectively (Fig. 12E.F
and Table 2). The relatively high K,,"*"" value com-
pared to the Kd,fastNADH derived from the FAD reduc-
tive half-reaction highlights the complexity of NQOI
catalysis, as these parameters describe different aspects
of enzyme function. While Kd,fastNADH reflects the
binding affinity of NADH prior to HT to the FAD
cofactor, K,“*PH provides insights into the overall
efficiency of steady-state turnover, encompassing mul-
tiple steps and averaged contributions from both active

Table 2. Steady-state kinetic parameters and midpoint reduction
potentials for the NQO1 variants at Tyr126 and Tyr128. Primary
kinetic data and fittings are shown in Fig. 12E,F. Potentials were
determined by using the Xanthine/XO method in 20 mm HEPES-
KOH pH 7.4 at 25°C with examples for primary data and fittings
shown in Fig. S13.

KmNADH kcat/KmNADH on/hq

keat (871) (mm) (s™"-mmT) (mv)
WT 276 +9 0.35+0.03 788432 —1256+3
Tyr126Ala 38+19 33+20 11.56+10 —136+1
Tyr128Ala 98+28 1.4+08 70£58 —132+1
Tyr126Glu  8.84+1.2° N.a.® N.a.? —-149 +£1
Tyr128Glu  18.2+1.9° N.a.? N.a.? —-128+1
Tyr126Phe 72+7 1.1+0.2 65+17 —133+1
Tyr128Phe 142+30 2.9+0.8 49+ 23 —138+3

%kops IS linearly dependent on [NADH]; therefore, data do not allow
us to determine neither K,,"P" nor kg (N.a., not applicable), and
the given value corresponds to the second-order rate constant of
the process calculated as the slope of the initial velocity vs.
INADH] plot (s™"-um™).
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sites. The evaluation of the Tyr126 and Tyr128 muta-
tions revealed significant alterations in the steady-state
parameters. In all mutants, K NVAPH increased and ke
decreased, resulting in a catalytic efficiency below 10%
of that of the WT enzyme (Fig. 12E,F and Table 2).
Nonetheless, comparison of Kyt *PH values with ke
values indicates that only the fast process of the flavin
reductive half-reaction is catalytically relevant, as
observed for WT NQOI. Furthermore, all mutants
displayed nearly invariant steady-state rates with
respect to DCPIP concentration, which hindered the
determination of K,,°“F'Y. This suggests that the
mutations altered the binding or configuration of the
active site, thereby modifying substrate specificity
toward quinones and potentially enabling alternative
binding or processing modes. Deleterious effects were
particularly pronounced for the Glu-substituted
mutants, which showed very poor turnover in quinone
reduction, consistent with their weak NADH-
dependent activity observed in the flavin reductive
half-reaction. Mutations to Ala and Phe also caused
stronger impairment than in the pre-steady-state reduc-
tive kinetics parameters, implying that the observed
decrease in their steady-state turnover values may be
due to decreases in the rate of another step in the reac-
tion different from NADH reduction. Altogether,
these findings suggest that the hydroxyl groups and
the side-chains present in the original tyrosine residues
are relevant for the competent binding of both sub-
strates—NADH and oxidized quinone—and for the
subsequent dissociation of their corresponding prod-
ucts—NAD™ and reduced quinone.

Mutations at Tyr126 and Tyr128 hardly affect the
NQO1 FAD reduction potential

NQOI1 reduction was carried out using the non-
physiological electron donor xanthine/xanthine oxidase
(XO) system, with indigo disulfonic acid as the most
suitable two-electron redox dye to equilibrate with the
FAD redox couple, as monitored by absorption spec-
troscopy (Fig. S13A). The dependence of the logarith-
mic ratio of oxidized to reduced enzyme on that of the
dye yielded a slope close to 1, which is consistent with
a two-electron transfer process. From this relationship,
the midpoint reduction potential (EhymanNQO1iox/hg)
was estimated to be —125mV (Fig. S13B), with this
value being less negative than that of free FAD
(ErADox/hqg = —219mV, [21]), and also less negative
than that reported for the rat NQOI enzyme
(EratNQO1ox/hg = —159 & 3mV) [22]. A similar approach
was also used to estimate the midpoint potentials for
the Tyr126 and Tyrl128 variants (Fig. S13B and

M. Rivero et al.

Table 2). The mutations had marginal impacts on
EpumanNQolox/hq With values generally between 4 and
15mV more negative than that of the WT protein.
Among them, Tyr126Glu presented the most negative
midpoint potential. These observations confirm that
the substitutions do not significantly disrupt the intrin-
sic redox driving force of the reaction but rather inter-
fere with the correct alignment and stabilization of
substrates within the active site. Notably, during the
determination of these midpoint potentials, additional
spectral features appeared within flavin band II, sug-
gesting transient stabilization of an anionic flavin semi-
quinone intermediate. To verify this, photoreduction
and reoxidation experiments were carried out, confirm-
ing the formation of an anionic FAD semiquinone
upon photoirradiation (Figs S13C and S13D). This
intermediate state was not observed during the protein
reoxidation by molecular oxygen and is unlikely to
occur during the physiological HT events catalyzed by
this enzyme in vivo.

Mutations at Tyr126 and Tyr128 alter dynamic
regions essential for competent and asymmetric
substrate binding

Based on the above observations, it was relevant to
evaluate the potential impact of these substitutions on
the conformation, size, and electrostatic properties of
the substrate binding cavity. As shown in Fig. 13, the
Tyr126Ala/Glu and Tyr128Ala/Glu mutations signifi-
cantly influence these structural properties. Further-
more, evaluation of free and ligand-bound active sites
in the room temperature structures for WT NQO1 and
the NQOI:NAD*/H complex, considering the four
chains within the asymmetric unit, highlights different
conformational dynamics for the Tyr126 and Tyrl28
side-chains (Fig. 14) [6]. Tyrl26, positioned deep
within the active site cavity, maintains an almost
invariant conformation in both the free and coenzyme-
bound states, which is consistent with a role in prop-
erly orienting the nicotinamide moiety of the coenzyme
toward the isoalloxazine of FAD for catalysis. In con-
trast, the Tyr128 side-chain exhibits significant confor-
mational variability in both states, showing multiple
rotamers in the NADH unoccupied sites in room tem-
perature WT NQOI and NQOI:NAD*/H structures
(Fig. 14A,B). When NADH is bound, the position of
Tyr128 appears correlated to that of the nicotinamide
ring (Fig. 14C,D) with Fig. 14D (showing active site 2
of the homodimer made by Chains C and D in the
asymmetric unit (ASU)) illustrating a potentially com-
petent pose for HT. These observations further sup-
port the above explanation for the differences in HDX
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Fig. 13. Predicted effects of Tyr126 and Tyr128 substitutions on the size and electrostatics of the NAD*/H binding site of NQO1.
Electrostatic surface representation of the coenzyme binding site, showing the interaction of NAD*/H (violet) with key residues forming the
nicotinamide binding pocket (surface) and the FAD (orange). (A) Configuration of the coenzyme binding site cavity in the crystal structure of
the WT NQO1:NAD*/H WT complex (PDB 8RFM, chains C and D). (B-G) Structural models of variants with Ala, Glu, and Phe substitutions
at positions 126 and 128, illustrating their predicted effects on the cavity size and electrostatic potential. For comparison, positions of FAD
and NAD*/H as observed in the WT structure of the complex are maintained also in mutant models as sticks with carbons in orange and
violet, respectively. Structure visualized using PymoL Software.
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Fig. 14. Rotamer conformations of Tyr126 and Tyr128 in room temperature structures of free NQO1 and the NQO1:NAD*/H complex.
(A) Overlapping of residues 123-132 from the four chains (A-D) in the ASU of free NQO1 (PDB 8RFN). (B) Overlapping of residues 123-132
from the two chains (B and D) corresponding to the NADH-unbound active site 1 in the ASU of the NQO1:NAD*/H complex (PDB 8RFM).
(C,D) Residues 123-132 in chains A (C) and C (D) of the NADH-bound active site 2 in the ASU of the NQO1:NAD*/H complex (PDB 8RFM).
The positions of FAD and NADH (when present) are shown as sticks. Structure visualized using PymoL Software.

between these closely spaced tyrosine residues. Located
at the entrance to the active site, Tyr128 likely plays a
dynamic role in facilitating access and exit of the
redox-active portion of substrates and products.

The Ala substitutions, particularly Tyr126Ala, are
expected to produce noticeable effects on the size of
the active site cavity (Fig. 13B,C). Therefore, these
mutations would surely introduce additional chal-
lenges for the nicotinamide and quinone substrates to
adopt the catalytically competent conformations.
Overall, the changes induced by these substitutions
underscore the critical role of the properties of the
substrate binding cavity in enzyme functionality and
conformational dynamics. Furthermore, these observa-
tions are consistent with the HDX-MS data, which
show that NAD* has minor local and long-range sta-
bilizing effects on key protein segments, while produc-
ing limited thermal stabilization, particularly on the
Tyr126Ala mutant (Figs 2, 7 and 9). The enlarged
cavity produced by the Ala substitutions may also
facilitate greater substrate movement, enabling it to
sample multiple conformational ensembles within the
binding site. Such enhanced flexibility reduced the
population of catalytically competent complexes and
increased conformational dynamics, ultimately result-
ing in decreased HT catalytic efficiency compared to
the WT scenario.

Due to the absence of detectable HDX-MS changes
upon NAD" addition and the drastic loss of catalytic
activity in both steady-state and pre-steady-state for
both Glu mutants, the most plausible explanation is
that NAD*/H hardly binds to these variants and hence
fails to stabilize NQOI. This is also consistent with the
structural positions of Tyrl26 and Tyrl28, where
replacement by a negatively charged residue could
electrostatically repel NAD(H), preventing the nicotin-
amide cofactor from residing in the active site cavity.
In fact, modeling of a glutamic acid residue at either
position 126 or 128 results in a markedly altered cavity
geometry, with a wider and less positively charged
environment at the substrate binding site, particularly,
in the Tyr126Glu variant (Fig. 13D,E). Such alteration
is likely to hinder the binding of both NADH and qui-
none substrates, particularly it may avoid positioning
the pyrophosphate moiety of NADH and, therefore,
prevent the catalytically competent orientation of the
nicotinamide moiety relative to the isoalloxazine ring
of FAD. Notably, mutation Tyr128Glu appears to sta-
bilize the protein despite its detrimental effects on
catalysis (Figs 3A and 4). This stabilization may result
from the introduction of glutamate, which could
enhance rigidity in specific regions, and particularly at
the entrance of the active site, consequently affecting
both the enzyme’s conformational dynamics and the
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electrostatic properties of the substrate binding site. In
fact, the three residues of the Tyr126-Thr127-Tyr128
hub have been shown as phosphorylation sites in
human NQOI1 (https://www.phosphosite.org/protein
Action.action?id=14721&showAllSites=true) [17,23,24].
If future experiments confirm these predictions, the
introduction of negative charges at the coenzyme bind-
ing site upon phosphorylation—emulated in the
Tyr126Glu and Tyr128Glu variants—could lead to
reversible inactivation of the NQOI1 function.

Finally, the Phe mutations introduced minimal per-
turbations across the different protein regions and pro-
duced the most similar kinetics to the WT, especially
in the pre-steady-state regime, consistent with their
similar dynamic response to coenzyme binding. None-
theless, these substitutions show that the tyrosine resi-
dues play an essential role in properly positioning the
quinone substrate within the active site for efficient
catalysis.

Beyond the specific roles of Tyrl126 and Tyrl28
within the substrate binding site, this study highlights
the identification of dynamic regions that are essential
for optimal coenzyme binding, efficient reduction of
FAD by NADH, and overall NQOI1 catalysis. The
intrinsic conformational dynamics of NQOI act as a
structural scaffold that mediates communication
between the two active sites upon coenzyme binding
(Fig. 7), being influenced by the nature of residues at
positions 126 and 128 (Figs 3B and 9). Such observa-
tions are also in line with mutations Tyr126Ala/Glu
having a higher impact on enzyme conformational
dynamics than those at the position of Tyrl28, since
Tyr126 sits deep in the substrate binding cavity and is
a central part of the enzyme active site. Hence, Tyr
mutations here studied produce different perturbations
of the dynamics of the natural state ensemble, due to
the different roles envisaged for each of these two resi-
dues during competent allocation of substrates for WT
NQOI catalysis.

Conclusions

In this work, we have experimentally evaluated the
roles of Tyr126 and Tyr128 on conformational dynam-
ics, competent allocation of substrates and enzyme
catalysis, synchronization of active sites and preference
for NADPH versus NADH as hydride donors in the
human NQOI1 homodimeric flavoenzyme [6,7.9,14,18].
We systematically described how large perturbations at
these residues lead to substantial drops in catalytic effi-
ciency and changes in the catalytic mechanisms. These
changes stem from alterations in both local structural
integrity at the substrate binding site and the long-

Tyrosine residues in NQO1 substrate site dynamics

range propagated conformational dynamics that con-
nect the two active sites. In some cases, large perturba-
tions of active site shape and electrostatics may
contribute to the effects observed on NQOI substrate
binding (Figs 9 and 12, Table 1). In these contexts,
our work provides several essential conclusions. First,
the size characteristics of Tyr126 and Tyrl28, along
with the hydrogen bonding network among their
hydroxyls and their aromatic stacking against the reac-
tive moieties of substrates, are key for their orientation
in the NQOI active site during catalysis. Second,
development of inhibitors or activators of NQOI1 for
therapeutic purposes [4,13] must take into consider-
ation the structural and conformational dynamics of
these residues and the overall protein ensemble in the
NQOI1 catalytic cycle and non-synchronization of
redox processes at the two active sites. Moreover, it
should also be considered the possibility of the two
Glu mutants mimicking phosphorylation events. This
inactivation may have significant physiological and
pathological consequences, adding another layer of
complexity in understanding the relationships between
genotypic diversity of NQO1 and the propensity to
develop disease [8,17,19,25-28]. In addition, our study
shows that ligand binding to WT NQOI1 causes local
conformational stabilization that propagates far
beyond the binding site, whereas mutations
Tyr126Glu/Ala and Tyr128Ala caused a negative
impact on conformational stability that also dissemi-
nates far from the mutated sites. The interplay
between Tyrl126 and Tyrl28 and the enzyme’s struc-
tural dynamics here described also highlights their rele-
vance in preserving optimal NQOI1 conformational
dynamics for overall activity and efficiency. The pre-
sent study further confirms the substantial local plas-
ticity of NQOI in response to perturbations observed
in previous studies [6,12,15-17,19], while opening ave-
nues for a better understanding of the molecular bases
for long-range dynamic effects propagating between
active sites.

Materials and methods

Protein expression and purification

Mutations were introduced by site-directed mutagenesis
in the WT NQOI1 cDNA cloned into the pET-15b vector
(pET-15b-NQO1) by GenScript (Leiden, The Nether-
lands). Codons were optimized for expression in Escheri-
chia coli and mutagenesis was confirmed by sequencing
the entire cDNA. The plasmids were transformed into E.
coli BL21(DE3) cells (Agilent Technologies, Santa Clara,
USA) for protein expression. These constructs contained
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a N-terminal Hise-tag to ease purification. Expression
and purification of NQOI1 variants were carried out as
described [7,15] using immobilized nickel affinity chroma-
tography columns (Cytiva, Marlborough, USA) and size-
exclusion chromatography (Cytiva, Marlborough, USA).
Isolated dimeric fractions of NQOI1 variants were buffer
exchanged to HEPES-KOH buffer 50 mM pH 7.4 using
PD-10 columns (Cytiva, Marlborough, USA). The UV-
visible spectra of purified NQOI1 proteins were registered
in a HP8453 UV-Visible spectrophotometer (Agilent
Technologies, Santa Clara, USA) and used to quantify
the content of FAD as described [7] using protein vari-
ants from two different purifications. The total protein
concentration was determined spectroscopically by mea-
suring the absorbance at 280 nm. Meanwhile, the total
concentration of redox-active species was assessed by
analyzing the absorption band I of the flavin cofactor,
being this the concentration used when evaluating
kinetics.

Thermal denaturation

Thermal denaturation of NQOI1 (1pm) variants in the
absence and in the presence of NAD™ (1 mM) was moni-
tored by following changes in tryptophan emission fluores-
cence in HEPES-KOH 50 mM at pH 7.4 as described [29].
T values were reported as mean +s.d. of three indepen-
dent measurements.

Proteolysis

Kinetic proteolysis studies by thermolysin were performed
in 50mm HEPES-KOH, 10mm CaCl, at pH 7.4 and
25°C, as recently described [20,29]. 10-20 um NQOI1 vari-
ants as purified were incubated with an excess of 100 pm
FAD, and experiments were carried out using a final ther-
molysin concentration of 0.05-0.8 um. Proteolysis was trig-
gered by the addition of a concentrated protease stock
(x10); samples were withdrawn at different time points
and stopped with 25mm EDTA (Ethylenediaminetetraace-
tic acid, Merck) at pH 8.0. Samples were denatured with
Laemmli’s buffer and analyzed by polyacrylamide gel elec-
trophoresis in the presence of SDS (SDS/PAGE) contain-
ing 12% acrylamide. Gels were scanned and analyzed
using the Imagel software (https://imagej.nih.gov/). Time-
dependent decay of uncleaved NQOI allowed us to deter-
mine first-order rate constants (kops) from fittings carried
out using an exponential function. Second-order rate con-
stants (kpro) were obtained by dividing first-order rate
constants by the protease concentration used (Fig. SH and
Table S2). Mutational effects on the local thermodynamic
stability of NQOI variants (AAGp,o; primary cleavage site
at S71-V72) were determined as previously described
[8,30].
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Hydrogen-deuterium exchange monitored by
mass spectrometry (HDX-MS)

Hydrogen-deuterium exchange kinetics were monitored for
all NQOI variants under the FAD and FAD-NAD" condi-
tions. Prior to the HDX-MS experiments, all variants were
overloaded with a large excess of FAD (typically 1 mm) and
subsequently buffer exchanged. Proteins were then pre-
incubated for 5min at 21 °C with 10-molar excess of FAD
prior to the exchange. In the case of FAD-NAD" condi-
tions, another pre-incubation with 500-molar excess of
NAD* was done. HDX-MS was carried out at 21 °C using
a 10-fold dilution to D,O-based buffer (50 mm HEPES-
KOH, pD 7.4/pH;caq 7.0) enriched with 5mm NAD™ for
FAD-NAD™ conditions. Protein concentration during
exchange was 1 pM. Exchange times were 20, 180, 600, 3600,
and 10800s, and the time points 20, 180, and 3600s were
triplicated yielding an average S.D. of 1.3% D. HDX was
quenched by mixing with cooled 1 M glycine-HCI, pH 2.3 at
1:1 ratio. A PAL DHR autosampler (CTC Analytics AG,
Zwingen, Switzerland) controlled by Chronos software
(AxelSemrau, Sprockhdvel, Germany) was used to prepare
HDX reactions and subsequent injection onto the LC sys-
tem comprising a temperature-controlled box and Agilent
Infinity II UPLC (Agilent Technologies, Santa Clara, USA)
directly coupled to an ESI source of timsTOF Pro mass
spectrometer (Bruker Daltonics, Billerica, USA). Here,
online proteolysis was done on a mixed bed
pepsin/nepenthesin-2 column (bed volume 66 uL) and pep-
tides were captured and desalted on the trap column (Secur-
ityGuard™ ULTRA Cartridge UHPLC Fully Porous Polar
C18, 2.1 mm ID, Phenomenex, Torrance, USA) under the
flow of 0.4% formic acid (FA) in water driven by the 1260
Infinity II Quaternary pump at the flow rate of
200 pL-min~". Peptides were further separated on an analyt-
ical column (Luna Omega Polar C18, 1.6 um, 100 Ao, 1.0 -
100 mm, Phenomenex, Torrance, USA) using water—
acetonitrile (ACN) gradient (10-45% in 6 min; solvent A:
0.1% FA in water, solvent B: 0.1% FA, 2% water in
ACN), which was delivered by the 1290 Infinity II LC pump
under the flow rate of 40pL-min~'. The LC outlet was
directly interfaced ESI source of timsTOF Pro (Bruker Dal-
tonics, Billerica, USA) mass spectrometer operated in the
MS mode with a 1 Hz data acquisition. To minimize the
loss of deuterium, the LC system was refrigerated to 0 °C.
Fully deuterated control samples used for deuterium back-
exchange correction were prepared for all variants [31].
Acquired LC-MS data were peak picked and exported in
DataAnalysis (v. 5.3, Bruker Daltonics, Billerica, USA) and
further analyzed by the DeutEx software (Bruker Daltonics,
Billerica, USA) [32]. Data visualization was performed using
MSTools (http://peterslab.org/MSTools/index.php) [33]. For
peptide identification, the same LC-MS system was used but
the mass spectrometer acquired data in data-dependent
MS/MS mode using PASEF. The LC-MS/MS data were
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searched against a customized database combining sequences
of NQOI1 (WT, Tyrl26Ala/Glu/Phe and Tyrl128Ala/-
Glu/Phe), common cRAP.fasta (https://www.thegpm.
org/crap/) and proteases using MASCOT (v. 2.7, Matrix Sci-
ence). Search parameters were set as follows: no enzyme, no
modifications allowed, precursor tolerance 10 ppm, fragment
ion tolerance 0.05Da, decoy search enabled, FDR < 1%,
IonScore > 20 and peptide length > 5. The HDX dataset
consisted of 295 peptides providing HDX data. The entire
sequence of NQO1 was covered (100% sequence coverage)
by peptides of an average peptide length of 11.2 residues and
an average redundancy of 12.1. %Dav parameter was calcu-
lated as an average of the two time points with maximal
absolute differences between compared conditions [15,16,30].
The HDX-MS data have been deposited to the ProteomeX-
change Consortium via the PRIDE [34] partner repository
with the dataset identifier PXD060224.

Pre-steady-state and steady-state enzyme kinetic
analysis

Reductive processes for NQOI variants upon HT from
NAD(P)H were followed under anaerobic conditions using
a stopped-flow spectrophotometer (SX.18MV, Applied
Photophysics Ltd., Leatherhead, UK) interfaced with a
photodiode array detector, essentially as described before
[7]. Reactions were performed in 20 mm HEPES-KOH, pH
7.4. The flavin reductive half-reaction was measured by
mixing NQOI1 variants (7.5 pum) with NAD(P)H ranging
from 7.5 to 100 pm. Multiple wavelength absorption data in
the flavin absorption region were collected and processed
as described [7]. Time-dependent spectral deconvolution
was performed by global analysis and numerical integration
methods using previously described procedures [7]. Decon-
volution was carried out considering two sequential and
irreversible processes (A - B — C), which correspond to the
two catalytically relevant reactions: A — B (Fast process)
and B — C (Slow process) [7]. This procedure allowed us to
determine observed rate constants (kops) for these steps, as
well as spectroscopic properties of A, B, and C species.
When observed, hyperbolic dependences of kgps Vs.
NAD(P)H concentrations were fitted using Eqn (1):
kit - [NAD(P)H]

NAD

KYAPPH L INAD(P)H]

kobs: (1)
where kgt i1s the limiting rate constant for HT and
KNAP®H g the equilibrium dissociation constant for the
coenzyme to a given active site.

Activity measurements of NQOI1 variants were carried
out in 20mmM HEPES-KOH pH 74, using 2,6-
dichlorophenolindophenol (DCPIP) as hydride acceptor.
Reaction mixtures contained 1nMm of the corresponding
NQOI1 variant, NADH (0.05-1 mm) and 60 um DCPIP, or
NADH at saturating concentration (1 mm) and variable
DCPIP concentration (3-60 pm) [20]. Initial reaction rates

Tyrosine residues in NQO1 substrate site dynamics

were determined from changes in Aggonm resulting from the
reduction of DCPIP (g400nm =21 mm ™ :cm™'). Blanks in
the absence of protein were determined and subsequently
subtracted from the reaction with NQOI1. Kinetic parame-
ters ko and K,"*PH were determined by fitting initial
reaction rates to the Michaelis-Menten equation for those
mutants showing hyperbolic dependence.

Estimation of midpoint reduction potentials and
photoreduction experiments

Reduction of NQOI variants by the xanthine/XO method
[21,35] was carried out in a closed anaerobic cuvette with a
final concentration of ~10 pm of each NQOI variant, 2 pm
benzyl viologen, 500 pm xanthine, 5 pm dye, 10 mm glucose,
and 10 U-mL~! glucose oxidase, in 20 mm HEPES-KOH pH
7.4. The indigo disulfonic acid two-electron exchanger
(Em=—125mV, vs standard hydrogen electrode) was the
dye that better equilibrated with FAD reduction for all vari-
ants. After achieving anaerobic conditions, as above indi-
cated using an anaerobic cuvette and a Schlenk line,
4pugmL™! of bovine milk XO (Sigma-Aldrich) were added
from the side arm to the mixture, and spectra were recorded
every 2min scanning from 300 to 750 nm at 25°C, in a
CARY 3500 spectrophotometer (Agilent Technologies,
Santa Clara, USA). To ensure thorough equilibration of the
components during the experiment, the concentration of XO
was set at 15nm (within the recommended range of
1-100 nm, replicates with 50 nm were also performed, provid-
ing the same values and therefore confirming equilibrium
was reached) allowing the reductive process to proceed over
a period of 2-3 h. Absorption changes accompanying reduc-
tion of the indicator dye and the flavoprotein at each point
during the xanthine/XO reduction were used to determine
the NQOI1 E,ynq value using the Nernst equation as previ-
ously reported [21,35]. In short, E are the potentials of the
flavin-containing protein (P) and dye (D) as determined by
their corresponding Nernst equations (Eqn 2):

Ep = F +2'3RT10 [For]
P = Lmp F g (2

Ep = Epp+ 2oRT g (1Pe]
D — m,D nF g [Dm'}

Slow rates of electron input by XO ensured reaching the
equilibrium of oxidized and reduced forms at any given
time point of the process. Thus, the NQO1 and dye electro-
chemical potentials were assumed to be equal, and defining
“x” and “p” as the Nernst concentration terms for the
NQOI and dye, respectively (Eqn 3):

(@)

Em,P +Xx= Em.D +y (3)

When the protein is in redox equilibrium [P,.]=[P.d],
“x=0" and “y” can be defined as AE, the difference in
midpoint potentials of NQO1 and the dye (Eqn 4).
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Em,P - Em,D + AE (4)

Thus, the difference in E,, potential of NQO1 and the
dye was calculated from a plot where the log([oxidized]/
[reduced] ratio) for sample and dye of each spectrum is
plotted against each other. In this particular case, the
absorbance changes accompanying reduction of the indica-
tor dye at 610 nm (where the NQO1 does not absorb) and
of the flavoprotein at 468 nm (where the indicator has an
isosbestic point) at each time point during the xanthine/XO
reduction were used to calculate oxidized/reduced ratios for
both the protein and the dye (Eqn 5).

foxidized]  A—Apin
[reduced]  Apux—A

%)

where A is the observed absorbance with a given time point
in the titration, and A,.« and A.;, are the maximal and
minimal absorbances observed. Plotting such “x” and “y”
values on a graph and fitting them to Eqn (4) provides as
intercept AE, the shift in midpoint potential between the
FAD of the NQOI1 variant and the dye.

Since experiments with WT NQOI envisaged transient
potential stabilization of its anionic semiquinone, we also
evaluated this feature by NQO1 (20 um) in 20 mm HEPES-
KOH pH 7.4, EDTA (3mwm), 5-deazariboflavin (4pm 5-
dRf), glucose (5mwm), and glucose oxidase (10 U-ml™') in a
closed anaerobic cuvette. The WT NQOI1 sample was step-
wise photo-irradiated for 5s periods with a blue LED strip
tube that provides an intensity of 900 pmol photons/(m>-s)
around the cuvette. Photoreduction was followed by
recording the visible spectra after each irradiation by using
a CARY 3500 spectrophotometer (Agilent Technologies,
Santa Clara, USA).

Structural modeling

The crystal structure of NQOI in complex with NAD*/H
(PDB ID: 8RFM, [6]) served as the structural model for
generating the figures in this study. Mutations at tyrosine
residues 126 and 128 were introduced and their best rota-
mer optimized using COOT (DOI: [36]), and the modified
structures were saved as new PDB files. Structural figures
and hydrogen bond interactions were analyzed and visual-
ized using PymoL 3.0.4 (The PymoL Molecular Graphics
System, version 3.0.4, Schrodinger, LLC, https://www.

pymol.org/).
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Fig. S1. Structural arrangement of mutations at posi-
tions 126 and 128 of NQOI in relation to the FAD
cofactor and the NADH coenzyme.

Fig. S2. SDS/PAGE analysis of purified NQOI
variants.

Fig. S3. UV-visible spectra of purified NQOI variants.
Fig. S4. HDX-MS of WT NQOI in the absence or the
presence of an excess of NAD™ (red symbols) for seg-
ments comprising residues 1-42.

Fig. S5. HDX-MS of WT NQOI in the absence or the
presence of an excess of NAD™ for segments compris-
ing residues 43-97.

Fig. S6. HDX-MS of WT NQOI in the absence or the
presence of an excess of NAD™ for segments compris-
ing residues 98-164.

Fig. S7. HDX-MS of WT NQOI in the absence or the
presence of an excess of NAD™ for segments compris-
ing residues 165-211.

Fig. S8. HDX-MS of WT NQOI in the absence or the
presence of an excess of NAD™ for segments compris-
ing residues 212-273.

Fig. S9. SDS/PAGE analysis of NQOI variants
degraded by thermolysin.

Fig. S10. Effect of NAD* on the HDX-MS of the dif-
ferent NQOI1 variants.

Fig. S11. Time-dependent spectra of the flavin reduc-
tion of NQO1,, variants by NADPH.

Fig. S12. Evaluation of individual kinetic processes for
the flavin reduction of NQOI1 variants by NADPH.
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Fig. S13. Midpoint reduction potential of NQOI Table S3. Calculated %D,, for mutants in position

variants. 126.

Table S1. Best-fit parameters for the HDX-MS of WT Table S4. Calculated %D,, for mutants in position

NQOI in the absence or presence of NAD™. 128.
Table S2. Second-order rate constants for proteolysis
by thermolysin of NQOI variants.
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