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Our knowledge on the genetic diversity of the human genome is exponen-

tially growing. However, our capacity to establish genotype–phenotype cor-

relations on a large scale requires a combination of detailed experimental

and computational work. This is a remarkable task in human proteins which

are typically multifunctional and structurally complex. In addition, muta-

tions often prevent the determination of mutant high-resolution structures

by X-ray crystallography. We have characterized here the effects of five

mutations in the active site of the disease-associated NQO1 protein, which

are found either in cancer cell lines or in massive exome sequencing analysis

in human population. Using a combination of H/D exchange, rapid-flow

enzyme kinetics, binding energetics and conformational stability, we show

that mutations in both sets may cause counterintuitive functional effects that

are explained well by their effects on local stability regarding different func-

tional features. Importantly, mutations predicted to be highly deleterious

(even those affecting the same protein residue) may cause mild to catas-

trophic effects on protein function. These functional effects are not well

explained by current predictive bioinformatic tools and evolutionary models

that account for site conservation and physicochemical changes upon muta-

tion. Our study also reinforces the notion that naturally occurring mutations

not identified as disease-associated can be highly deleterious. Our approach,

combining protein biophysics and structural biology tools, is readily accessi-

ble to broadly increase our understanding of genotype–phenotype correla-

tions and to improve predictive computational tools aimed at distinguishing

disease-prone against neutral missense variants in the human genome.
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Introduction

The huge advances in DNA sequencing technologies

have uncovered a tremendous genetic diversity in

human population. The next step is to be able to

distinguish between pathogenic and neutral variants

[1–3]. To do so, it is necessary to integrate experimenta-

tion to feed and improve computational tools able to

carry out accurate and large-scale prediction of muta-

tional effects and genotype–phenotype correlations [4].
The NAD(P)H:quinone oxidoreductase 1 (NQO1)

protein is associated with common diseases such as

cancer, Alzheimer’s, and Parkinson’s disease [5].

NQO1 catalyses the FAD-dependent reduction of a

large set of quinone substrates, including redox main-

tenance of vitamins, detoxification of xenobiotics, acti-

vation of cancer pro-drugs and regulation of the

NADH/NAD+ ratio [6,7]. A schematic representation

of the NQO1 catalytic cycle is displayed in Fig. 1A.

NQO1 is a dimeric and two-domain enzyme: the

N-terminal domain (NTD, residues 1–225) contains

the FAD binding site (FBS) and most of the active site

residues, while the C-terminal domain (CTD, residues

225–274) completes the active site and the monomer:-

monomer interface (MMI) [8–12]. Dicoumarol (Dic) is

a tight competitive inhibitor of NADH and the sub-

strate [13], for which high-resolution structural infor-

mation for its binding to NQO1 is available by X-ray

crystallography [14]. We have recently shown that

ligand binding (FAD and Dic) and mutational effects

propagate to long distances in the native state ensem-

ble of NQO1, potentially affecting different functional

features in counterintuitive fashions [12,15–20]. There-
fore, NQO1 represents a biomedically relevant and

challenging system to compare the performance of

computational and experimental methods to explain

and predict genotype–phenotype on a large scale for a

multi-functional protein.

The catalytic competence of NQO1 may be altered

upon mutation and affect different functional features:

FAD binding, the oxido-reduction reaction pathways,

enzyme cooperativity and quantum (tunnelling) effects in

the hydride-transfer (HT) reaction [12,19]. As mentioned

above, mutational and ligand binding effects may alter

the stability of functional sites across the entire protein

structure (in some cases over 30 Å) [12,21–23]. In this

work, we have studied the effects of five naturally occur-

ring mutations (p.W106R, p.W106C, p.F107C, p.M155I

and p.H162N) in the active site of NQO1 affecting four

different residues (Fig. 1A). Inspection of a structural

model of NQO1dic (with FAD and Dic bound) indicates

that all mutations may affect the interactions with the

cofactor, NAD(P)H and/or the substrate and thus, the

capacity of the enzyme to achieve catalytically competent

states (Fig. 1B,C). W106 is close to the FAD flavin ring

(2.8 Å for flavin ring N5 to backbone N of W106) and

packs against a hydrophobic pocket from the adjacent

monomer (Fig. 1B,C), while F107 is also close to the

FAD (2.8 Å for flavin ring O4 to backbone N of F107).

Thus, mutations p.W106R and p.W106C would affect the

stability of the active site (either by introducing a positive

charge and a cavity, respectively, in a hydrophobic envi-

ronment), while mutations at both W106 and F107 might

also influence the flavin redox potential. All the mutated

residues are strictly conserved in mammalian NQO1

sequences (Fig. 1C) with different degrees of conservation

in the overall sequence (down to 78.5% in sequence iden-

tity vs. human NQO1). Interestingly, NQO1 sequences

from reptiles (with a slightly lower identity, 66.7–70.3%)

show a consistent divergence at the H162 site (actually to

the active-site mutation p.H162N; Sequence IDs:

XP_033014806.1; XP_044283688.1, XP_005310627.1 and

XP_044843791.1). Three of these rare mutations in the

human NQO1, [p.W106C (c.318G>C), p.M155I

(c.465G>A) and p.H162N (c.484C>A)] are found in one

or two cancer somatic cell lines in the COSMIC database

(accessed by 29 June 2022; https://cancer.sanger.ac.uk/

cosmic/gene/analysis?ln=NQO1#variants), whereas the

two remaining rare mutations [p.W106R (c.316T>C) and
p.F107C (c.320T>G)] appear in the human population

with no clear association with disease (with allelic

frequencies of 2.8 × 10−5 and 1.8 × 10−5, respectively;

according to The Genome Aggregation Database,

gnomAD, accessed by 29 June 2022; https://gnomad.

broadinstitute.org/gene/ENSG00000181019?dataset=

gnomad_r2_1,). Based on different bioinformatic pre-

dictive tools, all mutations are expected to be largely

deleterious except p.H162N (Table 1). Since the mutated

sites are highly conserved, this set of naturally occurring

mutations in the active site of NQO1 should affect func-

tion mostly due to the changes in charge, polarity and

hydrophobicity [24].

Results and Discussion

All active-site variants retain the fold of the wild-

type protein but some affect flavin-adenine

dinucleotide content

The WT and active-site mutants were purified by

IMAC to a high purity (Fig. 2A). None of the muta-

tions had large effects on the expression levels as

judged from NQO1 protein yields (between 50% and

70% of WT levels; Fig. 2A). Inspection of the near

UV–visible absorption spectra indicated that all vari-

ants contained FAD bound, but the active-site
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Fig. 1. Structural location and sequence conservation of the residues W106, F107, M155 and H162 in the active site of NQO1. (A) Simplified

catalytic cycle of NQO1. The reductive half-reaction (in red) begins with FAD bound to NQO1 (NQO1holo) that binds the NAD(P)H coenzyme,

and likely through a direct HT reduces the FAD to FADH2 (NQO1red). In the oxidative half-reaction, the enzyme binds the substrate that

becomes reduced upon oxidation of the FADH2, and upon release of the product regenerates the NQO1holo state. Adapted from Ref. [13]. (B)

The display, based on PDB 2F1O [14], shows the mutated residues (in red) and the FAD (in blue) and Dic (in cyan) molecules in human NQO1,

to highlight the potential importance of mutations in the active site performance. The two views are from the same display just rotated by 90°.
(B) Close view of the NQO1 active site. Mutated residues are shown in CPK coloured sticks (in red). The NQO1 monomer binding the shown

FAD within the dimer is in the light grey cartoon, while the neighbouring monomer is in the dark grey surface. The right panel shows a similar

display but highlights the residues (in green sticks) of the adjacent monomer that forms the hydrophobic pocket allocating W106. (C) Conserva-

tion of these four active site residues among mammalian protein sequences (highlighted with an asterisk). Segments include residues 100–120
and 150–170 of the human sequence. Thirteen sequences were used including different orders. Primates (96.7–100% identity with hNQO1;

IDs: NP_000894, NP_001125152.1, XP_030650486.1 and NP_001247927.1); Artiodactyla, (89.4–92.3% identity; IDs: XP_006203814.1,

XP_010977513.1, NP_001029707.1 and NP_001153085.1); others (carnivora, Chiroptera, Perissodactyla, Didelphimorphia and Rodentia; 78.1–
87.5% identity; IDs:XP_038523128.1, XP_006909876.1, XP_005608432.1, XP_001378228.2 and XP_005345766.1). Sequences were retrieved

using BLASTP (https://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastp&PAGE_TYPE=BlastSearch&LINK_LOC=blasthome) and the human

sequence as query. Panel C was created using WebLogo (https://weblogo.berkeley.edu/logo.cgi).
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mutants reduced this content compared with that of

the WT protein (except p.F107C) (Fig. 2B,C). Alter-

ations in the microenvironment of the FAD bound to

some of the active-site variants are supported by dif-

ferences in the near-UV CD spectra of samples satu-

rated with FAD, particularly for the variant

p.W106R (Fig. 2B). Additional analyses by circular

dichroism (CD) and fluorescence spectroscopies and

dynamic light scattering (DLS) supported only mild

alterations in the overall conformation of NQO1

upon mutation (Fig. 2D–F). While the secondary

structure was not significantly affected (Fig. 2D), the

mutation p.W106R increased the fluorescence inten-

sity by about 30% without affecting the shape of the

spectra (with an average SCM for all variants of

354.03 � 0.16 nm). Since Tyr residues are not fluores-

cent in this range, we suggest that this might origi-

nate from either local changes in the

microenvironment of the remaining five Trp residues

or in the quenching induced by FAD binding. Analy-

sis of the hydrodynamic behaviour revealed some

interesting changes, particularly the increased width

of the size distribution and the average hydrodynamic

radius of p.M155I and p.H162N. We must note that

these results are consistent with an increase in hydro-

dynamic volume of about 15% and 30%, for the

p.M155I and p.H162N mutants, respectively. This

expanded conformation caused by the p.H162N

mutation (in the holo-state) is similar in magnitude to

that observed in the WT holo-protein upon with-

drawal of FAD [22,25] and may imply an increased

population of partially folded states in the native

ensemble of holo-p.H162N.

The mutants p.W106R and p.W106C

W106 is involved in the MMI, the FBS and the Dic

binding site (DBS). W106 is buried in the structure of

WT NQO1 determined by X-ray crystallography

(9.9 � 0.6% of accessible surface area, ASA, without

considering ligands bound and using the six monomers

of PDB 2F1O [14] and the software GETAREA, http://

curie.utmb.edu/getarea.html, [26]). The mutations

p.W106R and p.W106C are expected to cause large

structural perturbations, the former due to the intro-

duction of a positive charge and the latter by creating

a cavity in a hydrophobic and buried region of NQO1

(see Ref. [19] for the characterization of some non-

natural cavity-making mutations in NQO1).

We first compared the FAD binding affinity of

p.W106R and p.W106C with that of WT NQO1

(Fig. 3A,C) by fluorescence titrations. These titrations

indicated a much lower affinity in the mutant

p.W106R, while the mutant p.W106C showed a similar

Kd value for FAD binding than that of the WT pro-

tein. Titrations using CD spectroscopy (Fig. 3B)

allowed to estimate of a Kd for FAD binding of

7400 � 4000 nM (about 500-fold higher than that of

WT NQO1). To the best of our knowledge, this

mutant shows the lowest affinity for FAD ever

reported for a single NQO1 missense variant, decreas-

ing by 3.7 kcal�mol−1 the apparent binding free energy.

We have determined the changes in the structural

stability of the protein caused by the p.W106R and

p.W106C mutations using HDX-MS (Figs S1, S2 and

S4). We first looked at the effects on the entire pro-

tein. The effects are remarkably different for both

Table 1. Prediction of the pathogenicity of active-site mutations in NQO1 experimentally characterized in this work. Original scores (OS)

were provided by different tools for each variant (in parenthesis) and were normalized (normalized score NS, from 0, neutral, to 1, highly

deleterious) using the procedures indicated in the footnotes. The average NS for each variant is reported as NSpred in the consensus predic-

tion (and classified as mild, moderate or severe).

Prediction →

POLYPHEN-2 (OS)a SIFT (OS)b CADD (OS)c
MUT.ASSESSOR

(OS)a REVEL (OS)a METAL R (OS)a CONSENSUS (NSpred)Variant ↓

p.W106C

(COSV57731335)

Prob.Dam.

(1.00)

Deleterious

(0.00)

Like. Delet. (31) High

(0.965)

Like. Disease

(0.635)

Tolerated

(0.198)

Severe (0.69)

p.W106R

(rs769655604)

Prob.Dam.

(1.00)

Deleterious

(0.00)

Like. Delet. (32) High (0.983) Like. Disease

(0.778)

Tolerated

(0.203)

Severe (0.72)

p.F107C

(rs760765580)

Prob.Dam.

(1.00)

Deleterious

(0.01)

Like. Benign (28) Medium

(0.909)

Like. Disease

(0.522)

Tolerated

(0.135)

Severe (0.64)

p.M155I

(COSV57732645)

Prob.Dam.

(0.966)

Deleterious

(0.04)

Like. Benign (25) Medium

(0.574)

Like. Benign

(0)

Tolerated

(0.061)

Moderate (0.48)

p.H162N

(COSV57731604)

Benign

(0.015)

Tolerated

(0.85)

Like. Benign (16) Neutral (0.24) Like. Benign

(0)

Tolerated (0.015) Mild (0.07)

aOS were used as NS from 0 (Benign, Neutral, Likely Benign or Tolerated) to 1 (Probably Damaging, High, Likely Disease or Not tolerated);
bOS were normalized as binary (Tolerated, 0; Deleterious, 1); cOS were linearly normalized from 0 (Benign, Like. Benign, OS 0) to 1 (Delete-

rious, Like. Delet. original score 99).
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mutants when we analyse them in the holo- and dic-

states (Figs 4A–C, 5A–C and 6A; Figs S5A–C, S6A–C,
S7A–C, S8A–C, S9A–C and S10A–C). In the

NQO1holo state, the p.W106R mutation caused some

local and mild stabilizing/destabilizing effects, whereas

p.W106C mildly destabilized the entire structure

(Fig. 6A). In the NQO1dic state, destabilization by

p.W106R was much more extensive and stronger,

affecting almost the whole NTD (40% of the residues

of the entire protein; Figs 5B and 6A), whereas

p.W106C caused virtually no effects (Fig. 6A). Since

NTD is critical for enzymatic function [10,25], it is

likely that mutation p.W106R will affect other func-

tional features.

We then analysed the effects of p.W106R on the

stability of different functional sites: the MMI,

involved in the conformational stability of the protein

and communication between monomers during the

catalytic cycle [12,13,20,27], the FBS, essential in the

redox reaction and in close contact with W106 and

the DBS, where the Dic inhibitor likely occupies

partly the NADH/substrate binding site and/or repre-

sents a transition state analogue and interacts with

W106 [13]. The results obtained paralleled those

found for the entire protein. The mutation p.W106R

mild–moderately affected the stability of the MMI,

FBS and DBS in the NQO1holo state, and these

effects were much stronger upon Dic binding

(Fig. 6B–D). The mutation p.W106C mildly affected

the MMI, FBS or DBS in the NQO1holo state and

these effects were essentially abolished in the NQO1dic
state (Fig. 6B–D). Thus, the effects of p.W106R and

p.W106C are consistent with the large effect of the

former mutation on FAD binding affinity and also

predict much stronger effects for it on enzyme kinetics

than those of p.W106C.

Fig. 2. Purification, conformation and bound FAD to NQO1 WT and the active-site mutants. (A) SDS/PAGE (12% acrylamide) of purified

NQO1 variants. In each lane, 5 μg of protein was loaded; NQO1 protein yields (as mg NQO1 protein�L−1 cultures) are also shown as aver-

age � SD from three different protein expression experiments. The amount of NQO1 was determined from UV–visible absorption measure-

ments. (B, C) FAD bound to purified NQO1 proteins by UV–visible absorption and CD spectra. Lower panel B shows the average absorption

spectra for each NQO1 variant and the upper panel shows CD spectra for selected variants. Panel C shows the average � SD of the % of

NQO1 monomer with bound FAD. (D) Far-UV CD spectra (average � SD) for NQO1 variants with a fivefold excess of FAD; (E) emission flu-

orescence spectra (exc. 280 nm) of NQO1 variants in the presence of fivefold excess of FAD. (F) Hydrodynamic behaviour (by DLS) of

NQO1 variants in the presence of a fivefold excess of FAD. The upper panel shows the distribution of the apparent radius corresponding to

the NQO1 dimer and the lower panel shows the average hydrodynamic radius. Errors correspond to the SD from three different purifications

(panel C) or replicate (panels D–F). Errors in panel B are not displayed for sake of display, but representative relative values (and SD) are

shown in panel C.
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The catalytic cycle of NQO1 can be divided into

two steps: the reductive and oxidative half-reactions

(Fig. 1A), being the former the rate-limiting in the WT

enzyme [13]. In addition, pre-steady-state enzyme

kinetic analysis of WT NQO1 has revealed the exis-

tence of two different pathways, termed fast and slow,

for the reduction of the two FAD molecules within the

NQO1holo dimer by NADH, as well as for oxidation

of the FADH2 in NQO1red by DCPIP [12,13,19]

(Tables 2 and 3; Figs S11A, S12A, S13A, S14A, S15A

and S16A). When we compared the kinetics of

p.W106R and p.W106C mutants for these two-half

reactions, their behaviours were clearly different

(Tables 2 and 3; Figs S11B,C, S12B,C and S13B,C).

The mutant p.W106R largely perturbed two aspects in

the catalytic cycle: (a) The reductive half-reaction of

the FAD was about 6000-fold slower for the mutant

p.W106R; (b) there is an alteration in the reaction

equilibrium and full reduction of the FAD cofactor

cannot be achieved. Thus, DCPIP-mediated reoxida-

tion of FAD cannot be measured and this prevents the

completion of the catalytic cycle (i.e. reduction of a

proper substrate) in the p.W106R mutant. In addition,

the spectral properties of species B and C were differ-

ent in p.W106R than to those in WT NQO1 (with

somewhat higher absorbance in the mutant, as

reflected in the lower %ΔA450; Fig. S12A,B). Interest-

ingly, whereas WT enzyme kinetics showed a hyper-

bolic dependence on [NADH] (suggesting a transition

from EX2 to EX1 mechanism as the NADH is

increased sufficiently), no dependence was observed for

p.W106R (Fig. 7A,B). When we analysed the mutant

p.W106C, much more subtle changes were observed.

The p.W106C mutant showed similar spectral proper-

ties for the reductive and oxidative half-reactions than

those of the WT protein (Figs S11A,C, S12A,C, S13A,

C, S14A,B, S15A,B and S16A,B). At stoichiometric

concentrations of NQO1holo:NADH and NQO1red:

DCPIP, the reductive half-reaction was slightly accel-

erated in p.W106C for both fast and slow pathways

(up to 50%), whereas both steps were slowed down in

the oxidative half-reaction (two- to sixfold) (Table 2).

The NADH-dependence of kobs for the reductive half-

reaction in p.W106C also showed subtle changes: the

kHT for both fast and slow pathways was increased by

40–80%, whereas the Kd(NADH) was increased in a sim-

ilar way, leading to small or no changes in the cat-

alytic efficiency (kHT/Kd(NADH)) in both steps

compared with the WT protein (Table 3 and Fig. 7C).

Therefore, we must only note the effect of p.W106C

on the kinetics of the oxidative half-reduction, that

could be associated with the mild structural

Fig. 3. FAD binding affinity of WT NQO1 and the active site mutants. Titrations of apo-proteins with FAD determined by fluorescence (A,

C–F) or circular dichroism (B) spectroscopies. Titrations were carried out in 20 mM K-phosphate, pH 7.4. The temperature was 25 °C. Data
came from at least two different titrations, except for panel B (single titration). Lines are best fits for a single type of independent binding

sites. N.c., not converged.
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destabilization of the FBS and DBS in the NQO1holo
and NQO1dic states of p.W106C (Fig. 6C,D). Regard-

ing the cooperative kinetic behaviour, negative cooper-

ativity was slightly lower in the p.W106C mutant (~ 6)

than for WT NQO1 (~ 11) as measured by an opera-

tional cooperative index (the quotient of catalytic effi-

ciencies of the fast/slow pathways). This lower

cooperativity might be explained by altered allosteric

communication between active sites due to changes in

the stability of the MMI (Fig. 6B; please see also

[12,13]).

Altogether, these observations support that

p.W106R cannot achieve a competent binding state

for catalysis between the nicotinamide of NADH and

the isoalloxazine of FAD and this limits the overall

kinetics (Appendix S1). In addition, the low binding

affinity of p.W106R for FAD (Fig. 3A,B) and the

large destabilization of the FBS and DBS (Fig. 6C,D)

may lead to the destabilization of NQO1holo,

particularly in the reduced state, and further con-

tribute to the slow kinetics observed for the reductive

half-reaction [28,29]. A key role of altered active site

electrostatics in the catalytic impairment and structural

destabilization of the active site by p.W106R is sup-

ported by calculations on the active site electrostatic

surface potentials (Fig. S17) (note the R106 residue,

with a strong basic character and a pKa in the range

13–14 will be always protonated). The effects of

p.W106C in the active site stability and performance

were much milder. These results nicely illustrate how

two different non-conservative mutations at the same

residue of the active site can lead to drastically differ-

ent effects on protein function.

The mutant p.F107C

F107 is involved in the MMI, FBS and DBS. F107 is

buried in the structure (7.6 � 3.5% of ASA, using the

Fig. 4. Changes in local stability of

NQO1holo variants determined by HDX-MS.

Panel A shows the location of FAD (in dark

grey spheres) in the WT structure. Panels

B–F show the mutational effects on local

stability. Colouring of B–F follows the scale

shown as an inset. The structural model

used for display was PDB code 2F1O [14].
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same procedure described for W106). The mutation

p.F107C would cause large structural perturbation cre-

ating a cavity and introducing a more polar residue

[30,31]. The mutation p.F107C did not affect FAD

binding affinity (Fig. 3D; please note that the affinity

of WT is close to the limit of detection of the tech-

nique, and thus we cannot state that the affinity of

p.F106C is higher). These results are striking since

F107 is located in the FBS and is clearly a non-

conservative mutation. HDX-MS analysis revealed a

slight destabilization of the FBS and DBS in the

NQO1holo state, with no effect on the NQO1dic state

(Figs 4–6; Figs S1, S2, S5D, S6D, S7D, S8D, S9D,

S10D and S17). These stability measurements are con-

sistent with little or no effects on FAD binding and

predict mild or no effects on enzyme kinetics.

However, enzyme kinetic analysis revealed puzzling

results for p.F107C. Despite causing little perturbation

on the stability of the active site (possibly the most

noticeable the loss of Van der Waals interactions with

the Dic inhibitor), the kinetic analysis revealed some

alterations due to p.F107C (Fig. 7D; Figs S11D,

S12D, S13D, S14C, S15C and S16C; Tables 2 and 3).

At a 1 : 1 ratio of NQO1holo and NADH, this muta-

tion reduced by twofold the kobs for the fast pathway

for the reductive half-reaction, with no effect on the

constant for the slow pathway. Nonetheless, in con-

trast to the WT protein, p.F107C FAD reduction is

dominated by the fast pathway, yielding essentially

identical spectra for the B and C species, and suggest-

ing particular large alterations in the reaction equilib-

rium of the slow reaction pathway (Fig. S12D).

Additionally, under similar conditions, the oxidative

half-reaction was hardly affected (Table 2; Figs S14D,

S15D and S16D). Analysis of the NADH-dependence

of the FAD reduction kinetics provided further

support to these notions as well as some explanations

for these effects. For the fast pathway, we observed a

Fig. 5. Changes in local stability of NQO1dic

variants determined by HDX-MS. Panel A

shows the location of FAD (in dark grey

spheres) and Dic (in blue spheres) in the

WT structure. Panels B–F show the

mutational effects on local stability.

Colouring of B–F follows the scale shown

as an inset. The structural model used for

display was PDB code 2F1O [14].
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3.2-fold decrease in kHT and a 1.8-fold increase in

affinity for FAD, resulting in a 45% decrease in cat-

alytic efficiency (Table 3). Interestingly, the slow path-

way for FAD reduction was performed efficiently but,

as observed for the same pathway in p.W106R, it was

NADH-independent thus suggesting that the mutation

is changing the rate-limiting step (analogous to the

EX2 to EX1 shift in mechanism, see Appendix S1).

The cooperative index for this mutant was ~ 10,

similar to that of WT, consistent with an efficient com-

munication between active sites during the reaction

(note that the MMI is hardly affected by the mutation

p.F107C; Fig. 6B). However, conclusions related to

these effects on the negative cooperativity are not clear

since the reduction kinetics is strongly dominated by

the amplitude and kinetics of the fast step. Although

these catalytic alterations are not as dramatic as those

of p.W106R, our results indicate that in some cases,

Fig. 6. Mutational effects on the local

stability of different functional sites

determined by HDX-MS. Effects on the

entire NQO1 structure (A), the MMI (B), the

FBS (C) and the DBS (D). Amino acids

belonging to different functional sites were

determined as described [20]. Data are

expressed as the % of the residues

belonging to each category (A, entire

protein, 274 residues; B, MMI, 76 residues;

C, FBS, 21 residues; D, DBS, 15 residues;

according to Ref. [20]) affected by a given

mutation and ligation state (NQO1holo and

NQO1dic states are referred to as H and D in

the x-axis). The colour code shows the sign

and magnitude of mutational effects (as Δ%
Dav) in a given ligation state (H or D).

Table 2. Summary of observed rate constants (kobs) for the reductive and oxidative half-reactions involving NQO1. Measurements were car-

ried out in 20 mM HEPES-KOH, pH 7.4 at 6 °C. Evolution of the reaction was followed in the 400–1000 nm wavelength range using

stopped-flow equipment with a photodiode array detector (n > 3, mean � SD). 7.5 μM of NQO1holo protein was mixed with 7.5 μM NADH

(reductive half-reaction) or 7.5 μM of NQO1red was mixed with 7.5 μM DCPIP (oxidative half-reaction). Primary data and fittings are shown in

Figs S11, S13, S14 and S16.

NQO1 variant

Reductive half-reaction Oxidative half-reaction

kobs (s
−1) kobs (s

−1)

Fast Slow Fast Slow

WT 78 � 1 7.2 � 0.3 > 500 160 � 14

p.W106R 1.3 � 0.2 × 10−2 3.3 � 0.7 × 10−3 N.d.a N.d.a

p.W106C 83 � 3 12.0 � 1.4 286 � 34 24 � 8

p.F107C 41 � 2 8.8 � 0.1 > 500 134 � 20

p.M155I 18.2 � 3.7 8.3 � 4.0 × 10−3 N.d.a N.d.a

p.H162N 95 � 3 11.9 � 1.5 ≫ 500 25 � 2

aFull reduction of NQO1holo cannot be achieved in these variants to evaluate its reoxidation (N.d., not det.).
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even mild perturbations of the structural stability of

the active site may cause noticeable alterations in

enzyme catalysis and kinetic mechanism. An alterna-

tive hypothesis is that this mutation is affecting

dynamics relevant to the reaction mechanism. This is

not well probed by HDX-MS (note that dynamics can-

not be properly addressed since the EX1 regime is

marginally detected by this technique; Fig. S3) and

possibly the relevant dynamics are faster (in the μs to

ms scale) than those sampled by HDX-MS.

The mutant p.M155I

M155 belongs to the MMI and the DBS and is next to

H156 which is part of the FBS and the DBS. M155 is

buried in the structure (12.9 � 3.9% of ASA, using

the same procedure described for p.W106R). This

mutation causes an increase in hydrophobicity [30]

without a change in size [31].

Despite the mutation p.M155I does not appear to be

highly disruptive, its effects on the local stability of the

holo-state are strong, affecting about 50% of residues in

NQO1, the MMI, the FBS and the DBS. It does desta-

bilize both the NTD and CTD. Upon Dic binding, these

effects are significantly reduced (Figs 4–6; Figs S1, S2,

S5E, S6E, S7E, S8E, S9E, S10E and S17). It is interest-

ing to note that this mutation reduced the FAD binding

affinity by ~ 50-fold (Fig. 3E), consistent with a

strong destabilization of the FBS in the NQO1holo state

(Fig. 6C). This is one of the lowest affinities for FAD

reported for a single missense variant of NQO1 ([12,19]

and this work), reducing the apparent binding free

energy by 2.3 kcal�mol−1. The strong destabilization on

the MMI, FBS and DBS in the NQO1holo state may

also have implications in the catalytic performance of

this mutant.

To further characterize the functional consequences

of p.M155I, we carried out kinetic analysis for the

reductive and oxidative half-reactions at stoichiomet-

ric protein to reductive/oxidative ligand (NADH/

DCPIP) (Table 2; Figs S11E, S12E and S13E). For

the reductive half-reaction, the two-step mechanism

was observed but with large effects on kobs, which

were reduced by 4-fold and 900-fold in the fast and

slow steps. In addition, the spectral properties of the

intermediate species B and C showed markedly

higher absorption intensities than those of these spe-

cies in WT NQO1 (Fig. S12A,E), supporting severe

alterations of equilibria in the overall reaction mech-

anism. Oxidation of FAD by DCPIP could not be

analysed due to the inability to achieve the full

NQO1red state upon reduction. The NADH-

concentration dependence of kobs for the reductive

half-reaction (Fig. 7E and Table 3) confirmed sub-

stantial alterations in the kinetic properties. For the

fast step, p.M155I reduced the affinity for NADH

by fourfold, resulting in a threefold decrease in cat-

alytic efficiency (Table 3). These effects were dra-

matic for the slow step that showed 140-fold lower

kHT, fivefold higher Kd(NADH) and resulted in a 700-

fold decrease in catalytic efficiency compared with

WT NQO1 (Table 3). Accordingly, the cooperative

index for p.M155I was about 600-fold higher than

that of WT NQO1. This large negative cooperativity

can be regarded as an extreme case of half-of-sites

reactivity in p.M155I (i.e. only one active site is

operative per dimer in a relevant time-scale, up to

1 min). Therefore, the strong effects on FAD and

NADH binding, catalytic efficiency and negative

cooperativity seem to primarily stem from large

destabilization of the active site (FBS and DBS) and

the MMI in the NQO1holo state (Fig. 6C–B).

Table 3. Enzyme kinetic parameters for the reductive half-reaction of NQO1holo variants with NADH. Primary data and fittings are shown in

Fig. 7.

Fast Slow

kHT (s−1) Kd(NADH) (μM) kHT/Kd(NADH) (s
−1�μM−1) kHT (s−1) Kd(NADH) kHT/Kd(NADH) (s

−1�μM−1)

WT 281 � 12 15.2 � 1.9 18.5 � 2.4 14.3 � 1.5 8.2 � 3.3 1.7 � 0.7

p.W106R 12.5 � 0.1 × 10−3a N.a.a N.a.a 2.6 � 0.4 × 10−3a N.a.a N.a.a

p.W106C 397 � 17 29 � 3 13.9 � 1.5 26 � 1 10.9 � 1.5 2.4 � 0.4

p.F107C 87 � 2 8.3 � 0.7 10.5 � 0.9 8.8 � 0.1a N.a.a N.a.a

p.M155I 337 � 61 64 � 21 5.2 � 2.0 0.104 � 0.028 43 � 24 2.4 � 1.5 × 10−3

p.H162N 415 � 31 27 � 5 15.3 � 6.4 N.a.b N.a.b 2.1 � 0.9b

akobs is independent of NADH concentration, therefore data do not allow us to determine Kd(NADH) (N.a., not applicable) and the given value

corresponds to a limiting kHT calculated as the average of kobs at different [NADH];
bkobs is linearly dependent on [NADH]; therefore, data do

not allow to determine neither Kd(NADH) nor kHT (N.a., not applicable) and the given value corresponds to the second-order rate constant of

the process calculated as the slope of the kobs vs. [NADH] plot.
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The mutant p.H162N

H162 belongs to the MMI, FBS and DBS and it is

buried in the structure (6.6 � 0.4% of ASA, using the

same procedure described for p.W106R). The mutation

p.H162N causes little change in hydrophobicity [30] or

size [32]. Therefore, we may initially consider this

mutation as quite conservative.

The mutation p.H162N strongly reduces the FAD

binding affinity (by 30-fold vs. WT NQO1; Fig. 3F)

equivalent to an apparent binding free energy penalty

of ~ 2.0 kcal�mol−1. The effects of the mutation

p.H162N on protein stability are quite similar to

those observed for p.M155I (Figs 4–6; Figs S1, S2,

S5F, S6F, S7F, S8F, S9F, S10F and S18). The

NQO1holo state was largely destabilized globally and

at the MMI, FBS and DBS (about 50% of the resi-

dues are destabilized; Fig. 6), and these effects were

much weaker in the NQO1dic state (particularly in the

FBS). As proposed for the mutation p.M155I, the

low stability of the FBS in the NQO1holo state may

cause the low FAD binding affinity, and reduced sta-

bility of the MMI, FBS and DBS in the holo-state

may affect catalytic performance and functional coop-

erativity.

Rate constants for the reductive half-reaction (at

stoichiometric NQO1holo:NADH) showed little or no

effects due to p.H162N, while in the oxidative half-

Fig. 7. Pre-steady state enzyme kinetic

analyses for the reductive half-reaction of

NQO1 WT and active-site mutants. Panels

A–F show the dependence of the observed

rate constants on NADH concentration for

the different NQO1 variants. Data for the

fast and slow steps are shown in black and

grey, respectively. Lines are best fits to a

hyperbolic function or to a straight line.
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reduction, the fast step was accelerated (beyond the

temporal resolution of the technique) and the slow step

was slowed down by sixfold (Table 2). The spectral

changes associated with the two steps in the reductive

(Fig. S12A,F) and oxidative (Fig. S15A,D) processes

supported that the mutation p.H162N does not affect

the overall reaction mechanism. When evaluating the

NADH dependence of kobs, kHT and Kd(NADH) for the

fast step were slightly affected (both increased by 50–
80%) leading to nearly no change in catalytic effi-

ciency (Fig. 7F and Table 3). Interestingly, for the slow

step, the kobs values despite being larger than at equiv-

alent NADH concentrations in the WT case, linearly

increased on substrate concentration with no evidence

of saturation (i.e. similar to an EX2 scenario;

Appendix S1). This may result from different effects of

this mutation in the slow pathway for FAD reduction:

a large increase in the Kd(NADH) and/or koff, or a large

decrease in the kon.

Genotype–phenotype correlations using

multifeatured experimental characterization of

active-site mutants and bioinformatic predictions

The results obtained from our detailed experimental

characterization of the NQO1 active-site mutants are

summarized in Table 4. There, mutational effects on

13 features regarding protein functionality and stabil-

ity are semiquantitatively ranked. Overall, we may

conclude that the mutations p.W106R, p.M155I and

p.H162N are largely detrimental to NQO1 function

and stability, whereas the effects of p.W106C and

p.F107C are milder. Interestingly, mutational effects

predicted by different widely used bioinformatic tools

did not agree well with the experimental outcome, pre-

dicting (within some degree of disagreement between

tools) than all mutations except p.H162N should be

largely detrimental. Therefore, experimental and com-

putational prediction of mutational seemed to corre-

late poorly.

To analyse more quantitatively this apparently poor

correlation, we determined scores for the experimental

results (13 features compiled in Table 4) and those

provided by computational predictions (using six dif-

ferent tools, Table 1). All 19 scores were normalized in

such a way that a score of 0 indicated WT-like beha-

viour and a score of 1 indicated a largely deleterious

effect. Thus, we evaluated average scores for experi-

mental analyses (NSexp) and predictions (NSpred)

(Tables 1 and 4). These scores were aimed to capture

either the average effects (with the same weight for

each of the features; note that expression of all vari-

ants was quite successful and thus, none seemed to lar-

gely affect NQO1 foldability) observed experimentally

on NQO1 functional and stability and the average per-

formance of the predictions. When we simply plotted

the two scores (Fig. 8), we observed a very weak corre-

lation between the two scores, as expected. This simple

exercise also confirmed that the functional effects of

the mutations p.W106C and p.F107C (two largely

non-conservative mutations) are much milder than

those predicted by in silico tools, while the opposite

behaviour was found for p.H162N (in principle a more

conservative mutation). Overall, these results are

Table 4. Summary of the effects of active site mutations. For each protein variant and feature, these were clustered for semiquantitative

comparison in four categories: (++++) mildly improved vs. WT; (+++) WT-like; (++) mildly moderately impaired vs. WT; (+) largely impaired

vs. WT. NSexp is the average of experimental normalized scores, considering ++++ as −0.5, +++, as 0, ++ as 0.5 and +as 1.

NQO1 variant

WT p.W106R p.W106C p.F107C p.M155I p.H162N

Protein conformation +++ +++ +++ +++ ++ ++
FAD bound +++ ++ ++ +++ ++ ++
FAD affinity +++ + +++ ++++ + +
Global stability by HDX-Holo +++ +++ ++ +++ + +
Global stability by HDX-Dic +++ + ++ +++ +++ ++
FBS stability by HDX +++ + ++ ++ + +
DBS stability by HDX +++ + ++ +++ + +
MMI stability by HDX +++ + ++ +++ + +
Fast FAD reduction +++ + +++ ++ +++ +++
Slow FAD reduction +++ + +++ ++ ++ ++
FAD oxidation +++ + ++ +++ + +++
Reaction mechanism +++ ++ +++ ++ + +++
Cooperativity +++ + +++ ++ +++ +++
NSexp 0 0.77 0.27 0.15 0.65 0.54
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somewhat counterintuitive, since active site residues

evolve slowly and are strongly constrained in terms of

physico-chemical properties of the residue such as

polarity, charge and hydrophobicity [24,33].

Conclusions

State-of-the-art DNA sequencing technologies allow to

compare the genomes of hundreds of thousands of

individuals and have revealed an astonishingly large

genetic diversity in the human genome. In this context,

classical tools to establish genotype–phenotype correla-

tions and predict pathogenicity of missense variants

in silico are still not sufficiently accurate, particularly

when individual mutations are analysed (actually, the

output of many of these tools is binary, for example,

pathogenic or damaging vs. benign or neutral). In this

work, we carried out comprehensive structure–function
studies of five naturally occurring missense mutations

affecting residues belonging to the active site of the

cancer-associated NQO1 enzyme and predicted to be

pathogenic in most of the cases (Table 1). Experimen-

tal characterization of mutational effects shows widely

different and counterintuitive consequences (Table 4).

For instance, two non-conservative mutations affecting

the same residue (p.W106R and p.W106C) have

largely different consequences (the former is catas-

trophic while the latter is much milder). In addition,

quite conservative mutations (p.M155I and H162N)

display much larger effects than some non-

conservative changes (p.W106C). Remarkably, muta-

tions with large functional consequences are shown to

target the stability of different functional states

(p.W106R, the NQO1dic state vs. p.M155I and

p.H162N, the NQO1holo state). Although in most

cases, structure–function correlations can be nicely

drawn, some mutations appear to affect enzyme func-

tion with little structural impact (p.F107C). Our work

highlights the necessity to incorporate additional infor-

mation to predictive tools, such as structural effects on

different ligation states (i.e. the flavin, substrate) and

several protein functional features as well as some

notion of structural plasticity (as the ability of the pro-

tein conformational landscape to adapt to different

types of mutations in different or similar structural

locations).

Materials and methods

Protein expression and purification

Mutations were introduced by site-directed mutagenesis in

the wild-type (WT) NQO1 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 in E. coli

BL21(DE3) cells (Agilent Technologies, Santa Clara, CA,

USA) for protein expression. These constructs contain a

hexa-his N-terminal tag for purification.

For protein purifications, a preculture (40 mL) was pre-

pared from a single clone for each variant and grown for

16 h at 37 °C in LBA (Luria-Bertani medium with

0.1 mg�mL−1 ampicillin) and diluted into 2.4–4.8 L of

LBA. After 3 h with shaking (200 r.p.m.) at 37 °C, NQO1

expression was induced by the addition of 0.5 mM IPTG

for 6 h at 25 °C. Cells were harvested by centrifugation at

8000 g and frozen overnight at −80 °C. NQO1 proteins

were purified using immobilized nickel affinity chromatog-

raphy (IMAC) columns (Cytiva, Marlborough, MA, USA)

as described [13]. Isolated dimeric fractions of NQO1 vari-

ants were exchanged to HEPES-KOH buffer 50 mM pH 7.4

using PD-10 columns (Cytiva). The UV–visible spectra of

purified NQO1 proteins were registered in a Cary 50 spec-

trophotometer (Agilent Technologies, Waldbronn, Ger-

many) and used to quantify the protein content as

described in [11]. For the samples used in pre-steady state

kinetic analyses, NQO1 proteins were incubated with 1 mM

FAD and the excess of FAD was removed using PD-10

columns, obtaining a saturation fraction (FAD:NQO1

Fig. 8. Lack of correlation between mutational effects from

experiments (NSexp) and predictive tools (NSpred) for the active-site

mutants. Predicted scores (NSpred) are the average from normalized

scores using six different predictive tools (Table 1). Experimental

scores (NSexp) are the average of normalized scores derived from

the characterization of 13 functional and stability features (Table 4).

The dashed black line represents a perfect linear correlation

between scores, whereas the solid grey line shows the actual

(poor) linear correlation.
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monomer) higher than 90% based on UV–visible spectra.

Apo-proteins were obtained by treatment with 2 M urea

and 2 M KBr as described [20], obtaining samples with

< 2% saturation fraction of FAD based on UV–visible
spectra. Samples were stored at −80 °C upon flash freezing

in liquid N2. Protein purity and integrity were checked by

polyacrylamide gel electrophoresis in the presence of

sodium dodecylsulphate (SDS/PAGE). Each NQO1 variant

was expressed at least three times.

Protein conformation

After centrifugation for 20 min at 21 000 g at 4 °C, the FAD

bound to NQO1 proteins as purified was determined from

the UV–visible spectrum using ε(280) = 47 900 M
−1�cm−1

for NQO1, ε(450) = 22 000 M
−1�cm−1 and ε(280) =

11 300 M
−1�cm−1 for FAD [11]. Spectra were collected in a

Cary 50 spectrophotometer using 0.3 cm path-length quartz

cuvettes and ~ 30 μM of NQO1 in the protein subunit. Data

were reported as mean � SD from three different purifica-

tions.

Far-UV CD spectroscopy was performed at 25 °C in K-

phosphate 20 mM at pH 7.4 using 5 μM protein (in NQO1

monomer) with 25 μM FAD. Spectra were collected at

25 °C in a Jasco J-710 spectropolarimeter (Tokyo, Japan)

in the 195–260 nm range, at 100 nm�min−1, using 1 nm

bandwidth, 1 s response time and 1 mm path length cuv-

ette. Each spectrum was the average of six scans, and each

sample was prepared in triplicate. Mean residue ellipticities

([Θ]MRW) were calculated using Eqn (1):

Θ½ �MRW ¼ MRW � Θobs

10 � l � c , (1)

where MRW was equal to the molecular weight of the

NQO1 monomer (31 691 g�mol−1) divided by (N − 1),

being N = 280 the number of residues in the monomer,

Θobs was the ellipticity (in mdeg), l was the path length (in

cm) and c the concentration of protein in mg�mL−1. Spec-

tra were reported as mean � SD from three replicates.

Near-UV CD spectroscopy was performed at 25 °C in

K-phosphate 20 mM at pH 7.4 using 20 μM protein as puri-

fied (in NQO1 monomer) with 50 μM FAD as described

above for far-UV CD measurements. Measurements were

carried out in the 250–600 nm range, at 100 nm�min−1,

using 1 nm bandwidth, 1 s response time and a 5-mm path

length cuvette. Each spectrum was the average of 10 scans,

and the appropriate blank in the absence of protein was

acquired and subtracted.

Fluorescence spectra were acquired in a Varian Cary

Eclipse spectrofluorometer (Agilent Technologies) using

1 cm path length cuvettes and 1 μM (in monomer) of pro-

tein in the presence of 5 μM FAD in 20 mM K-phosphate

pH 7.4. The excitation wavelength was 280 nm and the

emission fluorescence was collected between 300 and

450 nm. Excitation and emission slits were 5 nm. All spec-

tra were acquired at 25 °C at a 120 nm�min−1 scan rate and

10 scans were registered and averaged. Blanks without pro-

tein were routinely measured and subtracted. The spectral

center of mass (SCM) was determined using Eqn (2):

SCM ¼
∑

380 nm

330 nm

Iλ � λ

∑
380 nm

330 nm

Iλ

: (2)

where Iλ is the emission intensity at a given emission wave-

length λ. Data were reported as mean � SD from three

replicates.

Dynamic light scattering was carried out in a Zetasizer

μV instrument (Malvern Panalytical, Malvern, UK) using

1.5 mm path length cuvettes and 5 μM (in monomer) of

protein with 25 μM FAD in 20 mM K-phosphate pH 7.4 at

25 °C. Thirty measurements with an acquisition time of

10 s were acquired for each DLS analysis, averaged and

used to determine the hydrodynamic radius assuming

spherical scattering particles (using the Stokes-Einstein

approach). Data were reported as mean � SD from three

replicates. DLS data were processed and analysed using the

ZETASIZER software (Malvern Panalytical).

Flavin-adenine dinucleotide binding affinity

Fluorescence titrations were carried out at 25 °C using

1 × 0.3 cm path-length cuvettes in a Varian Cary Eclipse

spectrofluorometer (Agilent Technologies). Experiments

were carried out in 20 mM K-phosphate, pH 7.4, essentially

as described in [15]. Briefly, 20 μL of a 12.5 μM NQO1apo
stock solution (in subunit) was mixed with 0–500 μL of

FAD 10 μM, and the corresponding volume of buffer was

added to yield a 1 mL of final volume. Samples were incu-

bated at 25 °C in the dark for at least 10 min before mea-

surements. Spectra were acquired in the 340–360 nm range

upon excitation at 280 nm (slits 5 nm), and spectra were

averaged over 10 scans registered at a scan rate of

200 nm�min−1.

For W106R, which exhibited a very low binding affinity

for FAD, the titration was carried out using near-UV CD

spectroscopy. Spectra were collected in a Jasco J-710 spec-

tropolarimeter at 25 °C in 50 mM K-HEPES pH 7.4 using

9.4 μM (in monomer) of apoprotein in the absence or pres-

ence of FAD (0–130 μM). Spectra were collected in the

300–600 nm range at 200 nm�min−1, using 2 nm bandwidth,

2 s time response and 5 mm path-length cuvettes. Each

spectrum was the average of 8 scans, and each sample was

appropriately corrected for blanks containing the buffer

and the corresponding FAD concentration.

Flavin-adenine dinucleotide binding titrations (following

fluorescence intensities at 350 nm or CD ellipticity at

1868 The FEBS Journal 290 (2023) 1855–1873 � 2022 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

Natural mutations in the NQO1 active site J. L. Pacheco-Garcı́a et al.

 17424658, 2023, 7, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1111/febs.16677 by U

niversidad D
e G

ranada, W
iley O

nline L
ibrary on [11/10/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



375 nm) were fitted using a single and identical type of

binding sites as described in [15] using the GRAPHPAD PRISM

7 sofware (DotMatics, Boston, MA, USA).

Hydrogen/deuterium exchange mass

spectrometry

Amide hydrogen/deuterium exchange (HDX) of NQO1 was

studied for the WT and mutant variants in the NQO1holo
and NQO1dic states as described previously [20] with some

modifications. Briefly, to start the exchange reaction 20 μM
protein solution was diluted 10 times with a D2O-based

20 mM HEPES-NaOH, 100 mM NaCl, 0.5 mM TCEP [tris

(2-carboxyethyl)phosphine], pD 7.4. The exchange was ter-

minated after 10, 50, 250, 1250 and 6250 s by mixing

(1 : 1) with 0.5 M Glycine-HCl, pH 2.3 and the samples

were flash frozen in liquid nitrogen. Time points 10, 250

and 6250 s were replicated. Custom-made co-immobilized

nepenthesin-2/pepsin column was used for online proteoly-

sis which was driven by 0.4% formic acid (FA) in water

pumped at 200 μL�min−1. The solvent was delivered by

1260 Infinity II Quaternary pump (Agilent Technologies).

Peptides were trapped and desalted on a SecurityGuard�
pre-column (ULTRA Cartridges UHPLC Fully Porous

Polar C18, 2.1 mm; Phenomenex, Torrance, CA, USA)

using the same solvent. The duration of digestion and

desalting was 3 min. Following desalting, the peptides were

separated on an analytical column (LUNA® Omega Polar

C18 Column, 100 Å, 1.6 μm, 100 mm × 1.0 mm; Phenom-

enex) using 1290 Infinity II LC System (Agilent Technolo-

gies). Linear gradient 5–45% B in 6 min was followed by a

quick step to 99% B lasting 5 min. Flow during the separa-

tion was 40 μL�min−1. Solvent A was 0.1% FA/2% ace-

tonitrile (ACN) in water, B was 0.1% FA/98% ACN in

water. Digestion, desalting, and separation steps were per-

formed at 0 °C and pH 2.3 to minimize deuterium back-

exchange. LC system was directly coupled to an ESI source

of 15T FT-ICR mass spectrometer (solariX XR; Bruker

Daltonics, Bremen, Germany) operating in a broad-band

MS mode. Correction of back-exchange was done as

described in [34]using fully deuterated control prepared for

each NQO1 variant [20]. The data were further processed

in DATAANALYSIS 5.3, exported and assembled into a project

under in-house developed program DEUTEX [35]. Peptides

were identified using separate data-dependent LC–MS/MS

runs carried out using an identical LC setup connected to

ESI-timsTOF Pro with PASEF. MASCOT (v 2.4; Matrix

Science, London, UK) was used for data searching against

a custom-built database containing sequences of the pro-

teases, NQO1 variants and common contaminants. Decoy

search was enabled with a false-discovery ratio < 1% and

an ion score cut-off of 20. All data were deposited to Pro-

teomeXchange Consortium via the PRIDE database

[PXD036417] [36].

To evaluate the effect of mutations, the difference in

kinetics of deuterium incorporation (% D vs. time, Figs S1

and S2) of mutants and the WT protein was calculated for

a given ligation state and each protein segment experimen-

tally determined. Analysis of exchange behaviour showed

that the EX2 mechanism dominates HDX in most of the

peptides, variants and ligation states (Fig. S3), thus sup-

porting that changes in HDX are associated with those in

the local thermodynamic stability of the segments [20]. The

average of the two most different time points (mutant-WT)

was used to determine the Δ%Dav values. This parameter

allows to readily compare the HDX kinetics between two

given NQO1 states/variants in different protein segments

[12,19,20].

Enzyme kinetics for the reductive and oxidative

half-reactions

For enzyme kinetic analyses of the reductive and oxidative

half-reactions, we followed the procedures described for the

WT protein under anaerobic conditions using a stopped-

flow spectrophotometer as described [13]. Briefly, the reduc-

tive half-reaction was measured by mixing the NQO1holo
protein with a solution of NADH, yielding final concentra-

tions of 7.5 and 7.5–100 μM, respectively. The oxidative

half-reaction was monitored after mixing NQO1red samples

(NQO1red was obtained by previous mixing of NADH to

the holo-NQO1, both at 7.5 μM) with an equimolar concen-

tration of 2,6-Dichlorophenolindophenol (DCPIP). Reac-

tions were performed in 20 mM HEPES-KOH, pH 7.4.

Multiple wavelength absorption data in the flavin

absorption region were collected and processed as described

[13]. Time-dependent spectral deconvolution was performed

by global fitting analysis and numerical integration using

previously described procedures [13] and allowed to deter-

mine observed rate constants (kobs) for these steps as well

as spectroscopic properties of these species (A, B and C).

Despite practical limitations prevented these measurements

to reach pseudo-first-order conditions [19], hyperbolic

dependences of kobs vs. NADH concentrations were fitted

using Eqn (3):

kobs ¼ kHT � NADH½ �
Kd NADHð Þ þ NADH½ � , (3)

where kHT is the limiting rate constant for HT and Kd

(NADH) is the apparent equilibrium dissociation constant for

NADH to a given active site. Fittings were carried out

using SIGMAPLOT v.9.0 (SYSTAT Software Inc., Chicago,

IL, USA).

Bioinformatic analysis

Six different readily available algorithms for the prediction

of mutational effects were used. These are based on various
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features such as evolutionary conservation, chemical nature

of the amino acid change and structural consequences.

These tools are briefly described in this section.

We used the Ensembl Variant Effect Predictor (VEP)

(https://www.ensembl.org/Tools/VEP) [37] to obtain predic-

tions for single nucleotide variants. Most of these predic-

tions can be assessed at the database dbNSFP [38].

POLYPHEN-2 (http://genetics.bwh.harvard.edu/pph2/) pre-

dicts the impact of amino acid substitutions on the struc-

ture and function of a human protein using physical and

comparative considerations [39]. Its score (0–1) yields the

probability of the variation being damaging and contem-

plates three classes: benign, possibly damaging and proba-

bly damaging.

SIFT (https://sift.bii.a-star.edu.sg/) is based on sequence

homology and the physical properties of amino acids [40].

It aligns protein sequences in numerous species and calcu-

lates normalized probabilities for all possible substitutions

from the alignment. Its score also ranges 0–1. The amino

acid substitution is predicted as damaging if the score is

≤ 0.05, and as tolerated if the score is > 0.05.

CADD (https://cadd.gs.washington.edu/) is a meta-

predictor that takes into account many diverse annotations

into a single score (C score) [41]. The higher the raw C

score (between 1 and 99), the more likely is the change to

be deleterious.

MUTATION ASSESOR (http://mutationassessor.org) estimates

the functional impact of a missense variant based on evolu-

tionary conservation of the affected amino acid in protein

homologues [42]. A conservation score is combined with a

specificity score to determine a functional impact score

(0–1). Variants classed as neutral or low are predicted to

have low or no impact on protein function, whereas vari-

ants classed as medium or high are predicted to result in

altered function.

REVEL (integrated in VEP) [43] is a meta-predictor based

on a number of individual tools: MUTPRED, FATHMM, VEST,

POLYPHEN, SIFT, PROVEAN, MUTATIONASSESSOR, MUTATION-

TASTER, LRT, GERP, SIPHY, PHYLOP, and PHASTCONS. The score

(between 0 and 1) classifies the variations between likely

benign (score < 0.5) and likely disease-causing (score ≥
0.5).

METAL R (integrated into VEP) ([38]) uses logistic regres-

sion to integrate nine independent scores and allele fre-

quency information to yield a score (between 0 and 1),

with lower scores considered as tolerated and higher scores

more likely to be damaging.
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online in the Supporting Information section at the end

of the article.

Appendix S1. Plot SM1. Scenarios for model 3.

Fig. S1. Rainbow heatmaps showing the deutera-

tion profile for WT and active site mutants in their

NQO1holo (A) and NQO1dic (B) states.

Fig. S2. Differential rainbow heatmaps for the deuter-

ation profiles of WT and active site mutants in their

NQO1holo and NQO1dic states.

Fig. S3. Analysis of EX1 exchange mechanism through

peak width analysis.

Fig. S4. Data for HDX regarding selected segments in

which kinetics of deuterium incorporation for the

p.W106R and p.W106C mutants differ from that of

WT NQO1 (ǀΔ%Davǀ > 10%).

Fig. S5. Effect of active-site mutations on the stability

of the MMI in the NQO1holo state determined by

HDX-MS.

Fig. S6. Effect of active-site mutations on the stability

of the MMI in the NQO1dic state determined by

HDX-MS.

Fig. S7. Effect of active-site mutations on the stability

of the FBS in the NQO1holo state determined by

HDX-MS.

Fig. S8. Effect of active-site mutations on the stability

of the FBS in the NQO1dic state determined by HDX-

MS.
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Fig. S9. Effect of active-site mutations on the stability of

the DBS in the NQO1holo state determined by HDX-MS.

Fig. S10. Effect of active-site mutations on the stability

of the DBS in the NQO1dic state determined by HDX-

MS.

Fig. S11. Time-dependent spectra of the NQO1 flavin

reduction by NADH.

Fig. S12. Deconvolution of spectral species (A→B→C)

observed during flavin reduction with NADH.

Fig. S13.Kinetics of NQO1 flavin reduction by NADH.

Fig. S14. Time-dependent spectra of the NQO1 flavin

oxidation by DCPIP.

Fig. S15. Spectral deconvolution of intermediate spe-

cies (A→B→C) observed during NQO1 flavin oxida-

tion by DCPIP.

Fig. S16. Kinetics of NQO1 oxidation by DCPIP.

Fig. S17. Data for HDX regarding selected segments

in which kinetics of deuterium incorporation for

p.F107C and p.M155I mutants differ from that of WT

NQO1 (ǀΔ%Davǀ > 10%).

Fig. S18. Data for HDX regarding selected segments

in which kinetics of deuterium incorporation for

p.W106R and p.W106C mutants differ from that of

WT NQO1 (ǀΔ%Davǀ > 10%).
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