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NAD(P)H quinone oxidoreductase 1 (NQO1) catalyses the two electron reduction of
quinones and a wide range of other organic compounds. Its physiological role is believed
to be partly the reduction of free radical load in cells and the detoxification of xenobiotics. It
also has non-enzymatic functions stabilising a number of cellular regulators including p53.
Functionally, NQO1 is a homodimer with two active sites formed from residues from both
polypeptide chains. Catalysis proceeds via a substituted enzyme mechanism involving a
tightly bound FAD cofactor. Dicoumarol and some structurally related compounds act as
competitive inhibitors of NQO1. There is some evidence for negative cooperativity in qui-
nine oxidoreductases which is most likely to be mediated at least in part by alterations to
the mobility of the protein. Human NQO1 is implicated in cancer. It is often over-expressed
in cancer cells and as such is considered as a possible drug target. Interestingly, a common
polymorphic form of human NQO1, p.P187S, is associated with an increased risk of several
forms of cancer. This variant has much lower activity than the wild-type, primarily due to its
substantially reduced affinity for FAD which results from lower stability. This lower stability
results from inappropriate mobility of key parts of the protein. Thus, NQO1 relies on correct
mobility for normal function, but inappropriate mobility results in dysfunction and may cause
disease.

Introduction: NQO1
NAD(P)H quinone oxidoreductase (NQO1; DT-diaphorase; EC 1.6.5.2) is an intracellular, cytosolic en-
zyme which catalyses the reduction of quinones and a wide variety of other compounds (Figure 1A) [1].
In general these are two electron reductions which, in the case of quinones, avoid the production of re-
active semiquinones [2,3]. Unusually, the enzyme works with almost equal efficiency with the cofactors
NADH and NADPH [4]. Catalytically the enzyme’s function requires a tightly bound FAD cofactor. This
is reduced by NAD(P)H in the first stage of a substituted enzyme (ping-pong) mechanism. The oxidised
cofactor (NAD(P)+) then leaves the active site enabling the second substrate to enter. This second sub-
strate is then reduced by the FADH2 [5]. In addition to quinones, NQO1 can catalyse the reduction of
nitroaromatic compounds, imidazoles and iron (III) ions [6–8]. In humans there is a second enzyme, ri-
bosyldihydronicotinamide quinone oxidoreductase 2 (NQO2; EC 1.10.5.1) which shares considerable se-
quence and structural similarity to NQO1 [9]. However, this enzyme does not function with NAD(P)H as
a cofactor, but uses ribosyldihydronicotinamide (reduced nicotinamide ribonucleotide; NRH) in its place
[10]. Bacteria often have several enzymes with quinone oxidoreductase activity [10]. The ‘nitroreductase’
group of enzymes fall into his class, although they are named for their ability to catalyse the reduction of
some nitrogenous organic compounds [11]. They have attracted interest due to their potential to activate
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Figure 1. The reaction catalysed by NQO1

(A) The general reaction catalysed by quinone oxidoreductases in which a quinone is reduced to a hydroquinone by the NADH or

NADPH. Human NQO1 is able to catalyse a great variety and diversity of substrates. (B) The structure of the potent inhibitor of

NQO1, dicoumarol. This compound has been widely used in experimental studies of NQO1 inhibition. The figure shows one of the

various possible tautomeric and ionic forms of the molecule [45,87,88].

anti-cancer prodrugs [12]. The modulator of drug activity (Mda) proteins have greater structural similarity to mam-
malian NQO1 and also have quinone oxidoreductase activity [13–16]. Despite the broad substrate ranges of these
various quinone oxidoreductases they have, so far, attracted relatively little interest as possible biocatalysts. Their
ability to catalyse the reduction of a wide range of organic compounds (and some inorganic ones) without modifica-
tion to the enzyme, suggests that they have considerable potential in this area.

Structurally, NQO1 is a homodimer with two active sites each located at the interface between the subunits (Figure
2) [17,18]. Thus, both active sites comprise residues from both subunits. The FAD cofactor forms part of these active
sites and the NAD(P)H substrate binds in such a way that the nicotinamide ring lies parallel to the FAD, facilitating
efficient electron transfer [17]. The anticoagulant dicoumarol is a potent inhibitor of NQO1 (Ki = 50 pM as deter-
mined by inhibition studies on the rat enzyme; Kd = 120 nM as determined by isothermal titration calorimetry on
the human enzyme) [5,19]. This compound also binds in a conformation which partially overlaps the FAD cofactor
(Figure 1B). This provides a structural explanation for this compound’s ability to act as a competitive inhibitor of the
enzyme with respect to NAD(P)H [1,18].

The in vivo roles of NQO1 have probably not been fully elucidated. It is known to play a minor role in the blood
clotting cycle, reducing vitamin K to vitamin K hydroquinone [20]. However, the majority of this transformation is
catalysed by vitamin K oxidoreductase (VKOR; EC1.17.4.4) [21]. NQO1 is often up-regulated in response to cellular
stress and it is a reasonable hypothesis that it has a role in minimising free radical load within cells [22,23]. It is also
likely to play a role in the detoxification of xenobiotics [24–28].

Reduced NQO1 activity is associated with a predisposition to cancer. In particular, a polymorphism which results
in the change of a proline to a serine residue at position 187 (p.P187S) has been associated with many different types
of cancers in a large number of studies across several population groups [29]. According to the Ensembl database, the
polymorphism occurs in approximately 25% of the global human population and is particularly common in people of
Chinese ethnicity (approximately 50%) [30]. Interestingly, NQO1 activity is increased in some forms of cancer [31].
This may be linked to the increased free radical load in rapidly metabolising cancer cells. Thus inhibition of NQO1
by dicoumarol and other compounds has, perhaps paradoxically, been demonstrated to kill pancreatic cancer cells
[32–36]. Considerable efforts have been made to identify other molecules which act as selective inhibitors of NQO1
(for examples, see [34–44]). (Dicoumarol is also an effective inhibitor of VKOR and acts as a mitochondrial uncou-
pling agent – hence the need for compounds which demonstrate greater specificity towards NQO1 [45–48].) Some
anti-cancer drugs (e.g. mitomycin C and 3-hydroxy-5-aziridinyl-1-methyl-2 (1H-indole-4,7-dione)prop-β-en-α-ol
or EO9) are reductively activated by NQO1, a fact which means that their activity will be higher in cancer cells which
over-express the enzyme [49–52].
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Figure 2. The overall structure of human NQO1

The figure shows the dimeric form of NQO1 bound to dicoumarol (PDB: 2F1O [18]). The two subunits of the homodimer are shown in

blue and green. The FAD cofactor and dicoumarol inhibitor are shown in one active site. The second active site lies on the opposite

side of the protein. The image was created using Discovery Studio Visualiser 4.5 (Dassault Systèmes BIOVIA).

NQO1 also has non-enzymatic roles. It stabilises the cell cycle regulator and tumour suppressor protein p53, in-
creasing its cellular half-life [53–55]. This interaction is antagonised by dicoumarol [54]. Thus, less stable and active
forms of NQO1 (e.g. the p.P187S polymorphic form), are likely to be less effective at stabilising p53, providing an-
other explanation for the increased cancer risks associated with this mutation. In addition to p53, NQO1 is also
known to interact with, and stabilise, another tumour suppressor protein p73 and the enzyme ornithine decarboxy-
lase (EC 4.1.1.17) which catalyses the first committed step in polyamine biosynthesis [56,57]. NQO1 interacts with,
and regulates, proteosomal components suggesting a role in controlling the degradation of proteins in the cell [58].

The structure, function, role in disease and drug interactions of NQO1 have been extensively reviewed (e.g.
[59–66]). Here, we focus on a less-explored aspect of the enzyme – its mobility and how this affects its functions
and plays a part in the enzyme’s roles in cancer pathology.

NQO1 mobility in the right places
It is becoming increasingly accepted that the mobility of proteins is just as important as their structures in facilitating
their functions [67]. For example, backbone flexibility and the motions of side chains in the active site is often critical
in catalysis [67, 68]. In some cases, domains move relative to one another to facilitate binding or catalysis. Further-
more, while information can be transmitted within proteins (and protein complexes) by conformational changes, it
is also the case that this can be achieved by alterations to mobility which propagate through the structure [67].

There is some evidence that NQO1 is negatively cooperative towards inhibitors such as dicoumarol. The rat enzyme
demonstrates non-linear Scatchard plots in binding assays and non-linear Lineweaver–Burke plots in enzyme assays
[69]. Negative cooperativity has also been observed between human NQO1 and the FAD cofactor [70]. Thus, it is
tempting to speculate that negative cooperativity towards both cofactor and inhibitors (which bind adjacent to that
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cofactor [18]) arise from the same, or related, causes. Negative cooperativity towards inhibitors has also been observed
in human NQO2 and the Saccharomyces cerevisiae nitrogenase-like enzyme Lot6p [71,72].

The biological significance of this negative cooperativity is not yet known. In general, negative cooperativity func-
tions to ‘dampen’ the response of a system to changes in concentration of the effector molecule [73,74]. To date, no
naturally occurring cellular inhibitors of NQO1 have been discovered. Thus, there is the possibility that the nega-
tive cooperativity observed with compounds like dicoumarol is an artefact, perhaps resulting from the cooperativity
in FAD binding. Alternatively, it may play a key role in the regulation of this enzyme by as yet unidentified small
molecule inhibitors in the cell. There is increasing evidence that NQO1 plays a role in sensing and responding to
the cell’s redox state [75]. Thus, this negative cooperativity with FAD may be important in the sensing of the cell’s
energetic status and overall FAD content.

Structurally, negative cooperativity requires communication between the enzyme’s active sites. The crystal struc-
ture of NQO1 in complex with dicoumarol shows both active sites bound to the inhibitor [18]. Presumably this occurs
due to the relatively high concentrations of dicoumarol used in the production of the crystals. However, this struc-
ture provides no clues about any conformational changes which may enable information exchange between the active
sites. This would require a structure with only one site occupied per NQO1 homodimer. In the yeast quinone oxi-
doreductase Lot6p, an α-helix lies close to the resveratrol binding site. Alteration of a glycine residue in this helix to
serine reduces the negative cooperativity of the enzyme [72]. Since serine residues generally impart lower conforma-
tional flexibility than glycine, it seems likely that communication in Lot6p is mediated in part by alterations in protein
mobility [76]. It is tempting to speculate that similar mechanisms may occur in mammalian NQO1.

NQO1 mobility in the wrong places
Early work on the p.P187S variant of human NQO1 (also known as the NQO1*2 variant) revealed substantially re-
duced activity and cellular concentrations of the enzyme [77,78]. This strongly suggested that this amino acid change
results in reduced protein stability and thus increased cellular degradation of the enzyme. This hypothesis has been
subsequently supported through biochemical and biophysical studies. The thermal stability as estimated by the ‘melt-
ing temperature’ (determined by differential scanning calorimetry, differential scanning fluorimetry and far-UV cir-
cular dichroism spectroscopy) is approximately 8 K lower in p.P187S compared with the wild-type [79]. This variant
is also much more susceptible to limited proteolysis than the wild-type [19,79]. Interestingly, the crystal structure
of the p.P187S variant (PDB: 4CF6) shows relatively few changes compared with the wild-type [80]. However, NMR
studies suggest that the structure is considerably more mobile and prone to unfolding [80]. Biochemical studies have
shown that the FAD content of p.P187S is substantially reduced compared with the wild-type [79]. The affinity for
this cofactor is reduced approximately 10- to 50-fold [70,81,82].

Pro-187 is located in a buried region close to the monomer:monomer interface (Figure 3A). Any alteration of the
conformationally restrained proline will be expected to lead to increased mobility, in addition to alterations in local
protein interactions due to perturbed protein packing. Indeed, these structural and energetic perturbations at Pro187
are sensed in distal sites affecting their conformation and dynamics (Figure 3A) [19]. Structural and dynamic and
perturbation of the monomer:monomer interface due to p.P187S decreases its conformational stability [19], while
more damaging unnatural mutations such as p.P187R, p.P187E and p.P187L prevent stable folding into dimers [83].
In addition, these perturbations due to p.P187S affect two functional regions: those affecting the dynamics of the FAD
binding site in the N-terminal domain (particularly dynamic alterations at the loop comprising residues 57–66 and
the region 127–134) and those decreasing the conformational stability of the C-terminal domain leading to its partial
unfolding (Figure 3A) [19,80,84]. An intriguing, but not yet explored, possibility is that the region 127–134 acts as
a link for communication of p.P187S mediated perturbations of the FAD binding site and the C-terminal domain
(Figure 3A). The dynamic perturbations at the N-terminal domain affect regions close to the FAD binding site, par-
ticularly the loop 57–66, increasing its dynamics in the apo-state (Figure 3A). Consequently, to bind FAD, p.P187S is
required to constrain the conformation of the FAD binding site to a larger extent, leading to an entropic penalty to
binding [19, 81]. The effects of p.P187S on the conformational stability and dynamics of the C-terminal domain are
associated with enhanced polyubiquitylation and the proteasomal degradation of the polymorphic variant (Figure
3A) [19,78,80,85]. Binding of dicoumarol to the polymorphic variant has structural and energetic signatures consis-
tent with folding of the C-terminal domain upon inhibitor binding, which protected p.P187S towards degradation
through the ubiquitin-dependent proteasomal degradation (Figure 3B) [19,84,85].

Local stabilisation of the 57–66 loop by the evolutionary divergent and suppressor mutation p.H80R leads to partial
rescue of the FAD binding affinity of p.P187S (Figure 3C) through a population shift in the conformational ensemble
of the apo-state towards binding competent states involving changes in protein dynamics [81,82]. In addition, a second
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Figure 3. Alterations in conformation and dynamics due to p.P187S and its correction by dicoumarol binding and the sup-

pressor mutations p.H80R and p.E247Q

(A) p.P187S primarily affects three structural regions (highlighted in red with arrows): (i) the dynamics of the loop 57–66 in the

apo-state; (ii) the dynamics of the region 127–134 in the holo-state; (iii) the C-terminal domain (CTD) is partially unfolded and highly

dynamic in the holo-state; (B) dicoumarol binding induces the folding of the CTD in the holo-state (highlighted in green); (C) the

suppressor mutation p.H80R partially corrects FAD binding affinity by dynamic stabilisation of the loop 57–66 in the apo-state (in

orange); (D) the suppressor mutation p.E247Q stabilises the CTD in the holo-state and dynamically stabilises the loop 57–66 in

the apo-state (highlighted in orange); (E) the suppressor mutations in cis lead to additive correction of both FAD binding and CTD

stability. DIC, dicoumarol.

suppressor mutation located at the C-terminal domain alone (p.E247Q) has been shown to partially restore the folding
state of the C-terminal domain and reduced its dynamics (Figure 3D) [82], which would protect the polymorphic
variant from degradation (ALP lab, work in progress). Interestingly, the stabilisation of the C-terminal domain due
to p.E247Q is also communicated to the distal FAD binding site (located 25 Å from residue 247) further supporting
long-range communication of conformational and dynamic information between distal functional sites in NQO1.
Consistently, when the C-terminal domain was deleted by mutagenesis, the effects of p.P187S on FAD binding site
located at the N-terminal domain were abolished, suggesting the existence of an allosteric network in the NQO1
protein which is perturbed by the polymorphic variant [84]. Plausibly, the communication of the local stabilising effect
of p.E247Q to the FAD binding site occurs through this network, cooperating with p.H80R in rescuing FAD binding in
the polymorphic variant (both suppressor mutations in cis increase FAD binding affinity by 20-fold in p.P187S (Figure
3E) [70,84]. Interestingly, most of the effects of p.P187S and the suppressor mutations seem to operate through the
apo-state conformational ensemble, which is characterised by low conformational stability and high conformational
dynamics, suggesting that most of these mutational effects have dynamic as well as structural basis [19,81,82,84]. It
is also worth noting that rodent NQO1 contains by default the suppressor amino acids Gln-247 and Arg-80, which
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suggested that some mammalian NQO1 orthologues (containing these consensus amino acids) would be more robust
that the human enzyme towards p.P187S through the presence of these evolutionary divergent gatekeeper amino acids
in conformational and dynamic terms [82,86].

Conclusions
Like most enzymes, the flexibility of NQO1 is critical to its function. Mobility is required for catalysis and is likely to
mediate communication between the active sites. However inappropriate flexibility can result in dysfunction – failure
to fold and the consequent dramatically reduced affinity for FAD. This increases the risk of various types of cancer.
A more complete understanding of the interplay between mobility, catalysis, inhibition and NQO1’s non-enzymatic
functions is critical to understand this protein’s role in health and disease. This includes the potential to address the
dysfunction of the p.P187S variant using small molecules designed to stabilise the protein (pharmacological chaper-
ones) and the design of drugs to inhibit NQO1 specifically in cancer patients. It may also be important in any future
biotechnological applications, such as biocatalysis. In these applications it may be necessary to stabilise the protein to
increase its lifetime in industrial processes and also modulate the specificity of the active sites.

Acknowledgements
C.F.M. undertook work on quinone oxidoreductases while in receipt of a postgraduate studentship from the Department of Em-
ployment and Learning, Northern Ireland (DELNI, U.K.). D.J.T. thanks the Biochemical Society and Portland Press for financial
support to attend the Bioscience Reports editorial meeting and research symposium in Singapore (March 2018).

Funding
This work was supported by the Junta de Andalucı́a [grant number P11-CTS-07187 (to A.L.P.)].

Competing Interests
The authors declare that there are no competing interests associated with the manuscript.

Abbreviations
NQO1, NAD(P)H quinone oxidoreductase 1; VKOR, vitamin K oxidoreductase.

References
1 Ernster, L., Danielson, L. and Ljunggren, M. (1962) DT diaphorase. I. Purification from the soluble fraction of rat-liver cytoplasm, and properties.

Biochim. Biophys. Acta 58, 171–188
2 Anusevicius, Z., Sarlauskas, J. and Cenas, N. (2002) Two-electron reduction of quinones by rat liver NAD(P)H:quinone oxidoreductase: quantitative

structure–activity relationships. Arch. Biochem. Biophys. 404, 254–262, https://doi.org/10.1016/S0003-9861(02)00273-4
3 Onyenwoke, R.U. and Wiegel, J. (2007) Iron (III) reduction: a novel activity of the human NAD(P)H:oxidoreductase. Biochem. Biophys. Res. Commun.

353, 389–393, https://doi.org/10.1016/j.bbrc.2006.12.022
4 Ernster, L. and Navazio, F. (1958) Soluble diaphorase in animal tissues. Acta Chem. Scand. 12, 595–595,

https://doi.org/10.3891/acta.chem.scand.12-0595
5 Hosoda, S., Nakamura, W. and Hayashi, K. (1974) Properties and reaction mechanism of DT diaphorase from rat liver. J. Biol. Chem. 249, 6416–6423
6 Newsome, J.J., Colucci, M.A., Hassani, M., Beall, H.D. and Moody, C.J. (2007) Benzimidazole- and benzothiazole-quinones: excellent substrates for

NAD(P)H:quinone oxidoreductase 1. Org. Biomol. Chem. 5, 3665–3673, https://doi.org/10.1039/b713044a
7 Sarlauskas, J., Dickancaite, E., Nemeikaite, A., Anusevicius, Z., Nivinskas, H., Segura-Aguilar, J. et al. (1997) Nitrobenzimidazoles as substrates for

DT-diaphorase and redox cycling compounds: their enzymatic reactions and cytotoxicity. Arch. Biochem. Biophys. 346, 219–229,
https://doi.org/10.1006/abbi.1997.0285

8 Miseviciene, L., Anusevicius, Z., Sarlauskas, J. and Cenas, N. (2006) Reduction of nitroaromatic compounds by NAD(P)H:quinone oxidoreductase
(NQO1): the role of electron-accepting potency and structural parameters in the substrate specificity. Acta Biochim. Pol. 53, 569–576

9 Jaiswal, A.K., Burnett, P., Adesnik, M. and McBride, O.W. (1990) Nucleotide and deduced amino acid sequence of a human cDNA (NQO2) corresponding
to a second member of the NAD(P)H:quinone oxidoreductase gene family. Extensive polymorphism at the NQO2 gene locus on chromosome 6.
Biochemistry 29, 1899–1906

10 Wu, K., Knox, R., Sun, X.Z., Joseph, P., Jaiswal, A.K., Zhang, D. et al. (1997) Catalytic properties of NAD(P)H:quinone oxidoreductase-2 (NQO2), a
dihydronicotinamide riboside dependent oxidoreductase. Arch. Biochem. Biophys. 347, 221–228, https://doi.org/10.1006/abbi.1997.0344

11 Villanueva, J.R. (1964) The purification of a nitro-reductase of Nocardia V. J. Biol. Chem. 239, 773–776
12 Searle, P.F., Chen, M.J., Hu, L., Race, P.R., Lovering, A.L., Grove, J.I. et al. (2004) Nitroreductase: a prodrug-activating enzyme for cancer gene therapy.

Clin. Exp. Pharmacol. Physiol. 31, 811–816, https://doi.org/10.1111/j.1440-1681.2004.04085.x
13 Green, L.K., La Flamme, A.C. and Ackerley, D.F. (2014) Pseudomonas aeruginosa MdaB and WrbA are water-soluble two-electron quinone

oxidoreductases with the potential to defend against oxidative stress. J. Microbiol. (Seoul, Korea) 52, 771–777

6 c© 2019 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).

D
ow

nloaded from
 http://portlandpress.com

/bioscirep/article-pdf/39/1/BSR
20180459/844243/bsr-2018-0459c.pdf by guest on 23 M

ay 2023

https://doi.org/10.1016/S0003-9861(02)00273-4
https://doi.org/10.1016/j.bbrc.2006.12.022
https://doi.org/10.3891/acta.chem.scand.12-0595
https://doi.org/10.1039/b713044a
https://doi.org/10.1006/abbi.1997.0285
https://doi.org/10.1006/abbi.1997.0344
https://doi.org/10.1111/j.1440-1681.2004.04085.x


Bioscience Reports (2019) 39 BSR20180459
https://doi.org/10.1042/BSR20180459

14 Hong, Y., Wang, G. and Maier, R.J. (2008) The NADPH quinone reductase MdaB confers oxidative stress resistance to Helicobacter hepaticus. Microb.
Pathog. 44, 169–174, https://doi.org/10.1016/j.micpath.2006.08.005

15 Wang, Z., Li, L., Dong, Y.H. and Su, X.D. (2014) Structural and biochemical characterization of MdaB from cariogenic Streptococcus mutans reveals an
NADPH-specific quinone oxidoreductase. Acta Crystallogr. D Biol. Crystallogr. 70, 912–921, https://doi.org/10.1107/S1399004713033749

16 Adams, M.A. and Jia, Z. (2006) Modulator of drug activity B from Escherichia coli : crystal structure of a prokaryotic homologue of DT-diaphorase. J.
Mol. Biol. 359, 455–465, https://doi.org/10.1016/j.jmb.2006.03.053

17 Faig, M., Bianchet, M.A., Talalay, P., Chen, S., Winski, S., Ross, D. et al. (2000) Structures of recombinant human and mouse NAD(P)H:quinone
oxidoreductases: species comparison and structural changes with substrate binding and release. Proc. Natl. Acad. Sci. U.S.A. 97, 3177–3182,
https://doi.org/10.1073/pnas.97.7.3177

18 Asher, G., Dym, O., Tsvetkov, P., Adler, J. and Shaul, Y. (2006) The crystal structure of NAD(P)H quinone oxidoreductase 1 in complex with its potent
inhibitor dicoumarol. Biochemistry 45, 6372–6378, https://doi.org/10.1021/bi0600087

19 Medina-Carmona, E., Palomino-Morales, R.J., Fuchs, J.E., Esperanza, P.G., Noel, M.T., Salido, E. et al. (2016) Conformational dynamics is key to
understanding loss-of-function of NQO1 cancer-associated polymorphisms and its correction by pharmacological ligands. Sci. Rep. 6, 20331,
https://doi.org/10.1038/srep20331

20 Ingram, B.O., Turbyfill, J.L., Bledsoe, P.J., Jaiswal, A.K. and Stafford, D.W. (2013) Assessment of the contribution of NAD(P)H-dependent quinone
oxidoreductase 1 (NQO1) to the reduction of vitamin K in wild-type and NQO1-deficient mice. Biochem. J. 456, 47–54,
https://doi.org/10.1042/BJ20130639

21 Tie, J.K., Jin, D.Y., Straight, D.L. and Stafford, D.W. (2011) Functional study of the vitamin K cycle in mammalian cells. Blood 117, 2967–2974,
https://doi.org/10.1182/blood-2010-08-304303

22 Criddle, D.N., Gillies, S., Baumgartner-Wilson, H.K., Jaffar, M., Chinje, E.C., Passmore, S. et al. (2006) Menadione-induced reactive oxygen species
generation via redox cycling promotes apoptosis of murine pancreatic acinar cells. J. Biol. Chem. 281, 40485–40492,
https://doi.org/10.1074/jbc.M607704200

23 Nioi, P. and Hayes, J.D. (2004) Contribution of NAD(P)H:quinone oxidoreductase 1 to protection against carcinogenesis, and regulation of its gene by the
Nrf2 basic-region leucine zipper and the arylhydrocarbon receptor basic helix-loop-helix transcription factors. Mutat. Res. 555, 149–171,
https://doi.org/10.1016/j.mrfmmm.2004.05.023

24 Lee, S.B., Kim, C.Y., Lee, H.J., Yun, J.H. and Nho, C.W. (2009) Induction of the phase II detoxification enzyme NQO1 in hepatocarcinoma cells by lignans
from the fruit of Schisandra chinensis through nuclear accumulation of Nrf2. Planta Med. 75, 1314–1318, https://doi.org/10.1055/s-0029-1185685

25 Nishiyama, T., Izawa, T., Usami, M., Ohnuma, T., Ogura, K. and Hiratsuka, A. (2010) Cooperation of NAD(P)H:quinone oxidoreductase 1 and
UDP-glucuronosyltransferases reduces menadione cytotoxicity in HEK293 cells. Biochem. Biophys. Res. Commun. 394, 459–463,
https://doi.org/10.1016/j.bbrc.2009.12.113

26 Ross, D., Kepa, J.K., Winski, S.L., Beall, H.D., Anwar, A. and Siegel, D. (2000) NAD(P)H:quinone oxidoreductase 1 (NQO1): chemoprotection,
bioactivation, gene regulation and genetic polymorphisms. Chem. Biol. Interact. 129, 77–97, https://doi.org/10.1016/S0009-2797(00)00199-X

27 Joseph, P., Long, 2nd, D.J., Klein-Szanto, A.J. and Jaiswal, A.K. (2000) Role of NAD(P)H:quinone oxidoreductase 1 (DT diaphorase) in protection against
quinone toxicity. Biochem. Pharmacol. 60, 207–214, https://doi.org/10.1016/S0006-2952(00)00321-X

28 Joseph, P. and Jaiswal, A.K. (1994) NAD(P)H:quinone oxidoreductase1 (DT diaphorase) specifically prevents the formation of benzo[a]pyrene
quinone-DNA adducts generated by cytochrome P4501A1 and P450 reductase. Proc. Natl. Acad. Sci. U.S.A. 91, 8413–8417,
https://doi.org/10.1073/pnas.91.18.8413

29 Lajin, B. and Alachkar, A. (2013) The NQO1 polymorphism C609T (Pro187Ser) and cancer susceptibility: a comprehensive meta-analysis. Br. J. Cancer
109, 1325–1337, https://doi.org/10.1038/bjc.2013.357

30 Flicek, P., Ahmed, I., Amode, M.R., Barrell, D., Beal, K., Brent, S. et al. (2013) Ensembl 2013. Nucleic Acids Res. 41, D48–D55,
https://doi.org/10.1093/nar/gks1236

31 Cresteil, T. and Jaiswal, A.K. (1991) High levels of expression of the NAD(P)H:quinone oxidoreductase (NQO1) gene in tumor cells compared to normal
cells of the same origin. Biochem. Pharmacol. 42, 1021–1027, https://doi.org/10.1016/0006-2952(91)90284-C

32 Cullen, J.J., Hinkhouse, M.M., Grady, M., Gaut, A.W., Liu, J., Zhang, Y.P. et al. (2003) Dicumarol inhibition of NADPH:quinone oxidoreductase induces
growth inhibition of pancreatic cancer via a superoxide-mediated mechanism. Cancer Res. 63, 5513–5520

33 Lewis, A.M., Ough, M., Du, J., Tsao, M.S., Oberley, L.W. and Cullen, J.J. (2017) Targeting NAD(P)H:quinone oxidoreductase (NQO1) in pancreatic cancer.
Mol. Carcinog. 56, 1825–1834, https://doi.org/10.1002/mc.20199

34 Nolan, K.A., Zhao, H., Faulder, P.F., Frenkel, A.D., Timson, D.J., Siegel, D. et al. (2007) Coumarin-based inhibitors of human NAD(P)H:quinone
oxidoreductase-1. Identification, structure–activity, off-target effects and in vitro human pancreatic cancer toxicity. J. Med. Chem. 50, 6316–6325

35 Dehn, D.L., Siegel, D., Zafar, K.S., Reigan, P., Swann, E., Moody, C.J. et al. (2006) 5-Methoxy-1,2-dimethyl-3-[(4-nitrophenoxy)methyl]indole-4,7-dione,
a mechanism-based inhibitor of NAD(P)H:quinone oxidoreductase 1, exhibits activity against human pancreatic cancer in vitro and in vivo. Mol. Cancer
Ther. 5, 1702–1709, https://doi.org/10.1158/1535-7163.MCT-06-0105

36 Reigan, P., Colucci, M.A., Siegel, D., Chilloux, A., Moody, C.J. and Ross, D. (2007) Development of indolequinone mechanism-based inhibitors of
NAD(P)H:quinone oxidoreductase 1 (NQO1): NQO1 inhibition and growth inhibitory activity in human pancreatic MIA PaCa-2 cancer cells. Biochemistry
46, 5941–5950, https://doi.org/10.1021/bi700008y

37 Nolan, K.A., Doncaster, J.R., Dunstan, M.S., Scott, K.A., Frenkel, A.D., Siegel, D. et al. (2009) Synthesis and biological evaluation of coumarin-based
inhibitors of NAD(P)H: quinone oxidoreductase-1 (NQO1). J. Med. Chem. 52, 7142–7156, https://doi.org/10.1021/jm9011609

38 Nolan, K.A., Scott, K.A., Barnes, J., Doncaster, J., Whitehead, R.C. and Stratford, I.J. (2010) Pharmacological inhibitors of NAD(P)H quinone
oxidoreductase, NQO1: structure/activity relationships and functional activity in tumour cells. Biochem. Pharmacol. 80, 977–981,
https://doi.org/10.1016/j.bcp.2010.06.024

c© 2019 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).

7

D
ow

nloaded from
 http://portlandpress.com

/bioscirep/article-pdf/39/1/BSR
20180459/844243/bsr-2018-0459c.pdf by guest on 23 M

ay 2023

https://doi.org/10.1016/j.micpath.2006.08.005
https://doi.org/10.1107/S1399004713033749
https://doi.org/10.1016/j.jmb.2006.03.053
https://doi.org/10.1073/pnas.97.7.3177
https://doi.org/10.1021/bi0600087
https://doi.org/10.1038/srep20331
https://doi.org/10.1042/BJ20130639
https://doi.org/10.1182/blood-2010-08-304303
https://doi.org/10.1074/jbc.M607704200
https://doi.org/10.1016/j.mrfmmm.2004.05.023
https://doi.org/10.1055/s-0029-1185685
https://doi.org/10.1016/j.bbrc.2009.12.113
https://doi.org/10.1016/S0009-2797(00)00199-X
https://doi.org/10.1016/S0006-2952(00)00321-X
https://doi.org/10.1073/pnas.91.18.8413
https://doi.org/10.1038/bjc.2013.357
https://doi.org/10.1093/nar/gks1236
https://doi.org/10.1016/0006-2952(91)90284-C
https://doi.org/10.1002/mc.20199
https://doi.org/10.1158/1535-7163.MCT-06-0105
https://doi.org/10.1021/bi700008y
https://doi.org/10.1021/jm9011609
https://doi.org/10.1016/j.bcp.2010.06.024


Bioscience Reports (2019) 39 BSR20180459
https://doi.org/10.1042/BSR20180459

39 Nolan, K.A., Timson, D.J., Stratford, I.J. and Bryce, R.A. (2006) In silico identification and biochemical characterization of novel inhibitors of NQO1.
Bioorg. Med. Chem. Lett. 16, 6246–6254

40 Scott, K.A., Barnes, J., Whitehead, R.C., Stratford, I.J. and Nolan, K.A. (2011) Inhibitors of NQO1: identification of compounds more potent than
dicoumarol without associated off-target effects. Biochem. Pharmacol. 81, 355–363, https://doi.org/10.1016/j.bcp.2010.10.011

41 Ling, Y., Yang, Q.X., Teng, Y.N., Chen, S., Gao, W.J., Guo, J. et al. (2018) Development of novel amino-quinoline-5,8-dione derivatives as
NAD(P)H:quinone oxidoreductase 1 (NQO1) inhibitors with potent antiproliferative activities. Eur. J. Med. Chem. 154, 199–209,
https://doi.org/10.1016/j.ejmech.2018.05.025

42 Lopez-Lira, C., Alzate-Morales, J.H., Paulino, M., Mella-Raipan, J., Salas, C.O., Tapia, R.A. et al. (2018) Combined molecular modelling and 3D-QSAR
study for understanding the inhibition of NQO1 by heterocyclic quinone derivatives. Chem. Biol. Drug Des. 91, 29–38,
https://doi.org/10.1111/cbdd.13051

43 Bian, J., Deng, B., Xu, L., Xu, X., Wang, N., Hu, T. et al. (2014) 2-Substituted 3-methylnaphtho[1,2-b]furan-4,5-diones as novel L-shaped ortho-quinone
substrates for NAD(P)H:quinone oxidoreductase (NQO1). Eur. J. Med. Chem. 82, 56–67, https://doi.org/10.1016/j.ejmech.2014.05.041

44 Colucci, M.A., Reigan, P., Siegel, D., Chilloux, A., Ross, D. and Moody, C.J. (2007) Synthesis and evaluation of
3-aryloxymethyl-1,2-dimethylindole-4,7-diones as mechanism-based inhibitors of NAD(P)H:quinone oxidoreductase 1 (NQO1) activity. J. Med. Chem.
50, 5780–5789, https://doi.org/10.1021/jm070396q

45 Timson, D.J. (2017) Dicoumarol: a drug which hits at least two very different targets in vitamin K metabolism. Curr. Drug Targets 18, 500–510,
https://doi.org/10.2174/1389450116666150722141906

46 Stirling, Y. (1995) Warfarin-induced changes in procoagulant and anticoagulant proteins. Blood Coagul. Fibrinolysis 6, 361–373,
https://doi.org/10.1097/00001721-199507000-00001

47 Oldenburg, J., Watzka, M., Rost, S. and Muller, C.R. (2007) VKORC1: molecular target of coumarins. J. Thromb. Haemost. 5 Suppl 1, 1–6
48 van Dam, K. and Slater, E.C. (1967) A suggested mechanism of uncoupling of respiratory-chain phosphorylation. Proc. Natl. Acad. Sci. U.S.A. 58,

2015–2019, https://doi.org/10.1073/pnas.58.5.2015
49 Siegel, D., Beall, H., Senekowitsch, C., Kasai, M., Arai, H., Gibson, N.W. et al. (1992) Bioreductive activation of mitomycin C by DT-diaphorase.

Biochemistry 31, 7879–7885, https://doi.org/10.1021/bi00149a019
50 Mikami, K., Naito, M., Tomida, A., Yamada, M., Sirakusa, T. and Tsuruo, T. (1996) DT-diaphorase as a critical determinant of sensitivity to mitomycin C

in human colon and gastric carcinoma cell lines. Cancer Res. 56, 2823–2826
51 Bailey, S.M., Lewis, A.D., Knox, R.J., Patterson, L.H., Fisher, G.R. and Workman, P. (1998) Reduction of the indoloquinone anticancer drug EO9 by

purified DT-diaphorase: a detailed kinetic study and analysis of metabolites. Biochem. Pharmacol. 56, 613–621,
https://doi.org/10.1016/S0006-2952(97)00661-8

52 Bailey, S.M., Wyatt, M.D., Friedlos, F., Hartley, J.A., Knox, R.J., Lewis, A.D. et al. (1997) Involvement of DT-diaphorase (EC 1.6.99.2) in the DNA
cross-linking and sequence selectivity of the bioreductive anti-tumour agent EO9. Br. J. Cancer 76, 1596–1603, https://doi.org/10.1038/bjc.1997.603

53 Anwar, A., Dehn, D., Siegel, D., Kepa, J.K., Tang, L.J., Pietenpol, J.A. et al. (2003) Interaction of human NAD(P)H:quinone oxidoreductase 1 (NQO1) with
the tumor suppressor protein p53 in cells and cell-free systems. J. Biol. Chem. 278, 10368–10373, https://doi.org/10.1074/jbc.M211981200

54 Asher, G., Lotem, J., Cohen, B., Sachs, L. and Shaul, Y. (2001) Regulation of p53 stability and p53-dependent apoptosis by NADH quinone
oxidoreductase 1. Proc. Natl. Acad. Sci. U.S.A. 98, 1188–1193, https://doi.org/10.1073/pnas.98.3.1188

55 Asher, G., Lotem, J., Kama, R., Sachs, L. and Shaul, Y. (2002) NQO1 stabilizes p53 through a distinct pathway. Proc. Natl. Acad. Sci. U.S.A. 99,
3099–3104, https://doi.org/10.1073/pnas.052706799

56 Asher, G., Tsvetkov, P., Kahana, C. and Shaul, Y. (2005) A mechanism of ubiquitin-independent proteasomal degradation of the tumor suppressors p53
and p73. Genes Dev. 19, 316–321, https://doi.org/10.1101/gad.319905

57 Asher, G., Bercovich, Z., Tsvetkov, P., Shaul, Y. and Kahana, C. (2005) 20S proteasomal degradation of ornithine decarboxylase is regulated by NQO1.
Mol. Cell 17, 645–655, https://doi.org/10.1016/j.molcel.2005.01.020

58 Moscovitz, O., Tsvetkov, P., Hazan, N., Michaelevski, I., Keisar, H., Ben-Nissan, G. et al. (2012) A mutually inhibitory feedback loop between the 20S
proteasome and its regulator, NQO1. Mol. Cell 47, 76–86, https://doi.org/10.1016/j.molcel.2012.05.049

59 Ross, D. and Siegel, D. (2017) Functions of NQO1 in cellular protection and CoQ10 metabolism and its potential role as a redox sensitive molecular
switch. Front. Physiol. 8, 595, https://doi.org/10.3389/fphys.2017.00595

60 Pey, A.L., Megarity, C.F., Medina-Carmona, E. and Timson, D.J. (2016) Natural small molecules as stabilizers and activators of cancer-associated NQO1
polymorphisms. Curr. Drug Targets 17, 1506–1514, https://doi.org/10.2174/1389450117666160101121610

61 Oh, E.T. and Park, H.J. (2015) Implications of NQO1 in cancer therapy. BMB Rep. 48, 609–617, https://doi.org/10.5483/BMBRep.2015.48.11.190
62 Dinkova-Kostova, A.T. and Talalay, P. (2010) NAD(P)H:quinone acceptor oxidoreductase 1 (NQO1), a multifunctional antioxidant enzyme and

exceptionally versatile cytoprotector. Arch. Biochem. Biophys. 501, 116–123, https://doi.org/10.1016/j.abb.2010.03.019
63 Betancor-Fernandez, I., Timson, D.J., Salido, E. and Pey, A.L. (2018) Natural (and unnatural) small molecules as pharmacological chaperones and

inhibitors in cancer. Handb. Exp. Pharmacol. 245, 155–190, https://doi.org/10.1007/164˙2017˙55
64 Zhu, H. and Li, Y. (2012) NAD(P)H: quinone oxidoreductase 1 and its potential protective role in cardiovascular diseases and related conditions.

Cardiovasc. Toxicol. 12, 39–45, https://doi.org/10.1007/s12012-011-9136-9
65 Gong, X., Gutala, R. and Jaiswal, A.K. (2008) Quinone oxidoreductases and vitamin K metabolism. Vitam. Horm. 78, 85–101,

https://doi.org/10.1016/S0083-6729(07)00005-2
66 Chen, S., Wu, K. and Knox, R. (2000) Structure–function studies of DT-diaphorase (NQO1) and NRH: quinone oxidoreductase (NQO2). Free Rad. Biol.

Med. 29, 276–284, https://doi.org/10.1016/S0891-5849(00)00308-7
67 Goodey, N.M. and Benkovic, S.J. (2008) Allosteric regulation and catalysis emerge via a common route. Nat. Chem. Biol. 4, 474–482,

https://doi.org/10.1038/nchembio.98

8 c© 2019 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).

D
ow

nloaded from
 http://portlandpress.com

/bioscirep/article-pdf/39/1/BSR
20180459/844243/bsr-2018-0459c.pdf by guest on 23 M

ay 2023

https://doi.org/10.1016/j.bcp.2010.10.011
https://doi.org/10.1016/j.ejmech.2018.05.025
https://doi.org/10.1111/cbdd.13051
https://doi.org/10.1016/j.ejmech.2014.05.041
https://doi.org/10.1021/jm070396q
https://doi.org/10.2174/1389450116666150722141906
https://doi.org/10.1097/00001721-199507000-00001
https://doi.org/10.1073/pnas.58.5.2015
https://doi.org/10.1021/bi00149a019
https://doi.org/10.1016/S0006-2952(97)00661-8
https://doi.org/10.1038/bjc.1997.603
https://doi.org/10.1074/jbc.M211981200
https://doi.org/10.1073/pnas.98.3.1188
https://doi.org/10.1073/pnas.052706799
https://doi.org/10.1101/gad.319905
https://doi.org/10.1016/j.molcel.2005.01.020
https://doi.org/10.1016/j.molcel.2012.05.049
https://doi.org/10.3389/fphys.2017.00595
https://doi.org/10.2174/1389450117666160101121610
https://doi.org/10.5483/BMBRep.2015.48.11.190
https://doi.org/10.1016/j.abb.2010.03.019
https://doi.org/10.1007/164_2017_55
https://doi.org/10.1007/s12012-011-9136-9
https://doi.org/10.1016/S0083-6729(07)00005-2
https://doi.org/10.1016/S0891-5849(00)00308-7
https://doi.org/10.1038/nchembio.98


Bioscience Reports (2019) 39 BSR20180459
https://doi.org/10.1042/BSR20180459

68 McAuley, M. and Timson, D.J. (2016) Modulating mobility: a paradigm for protein engineering? Appl. Biochem. Biotechnol. 181, 83–90
69 Rase, B., Bartfai, T. and Ernster, L. (1976) Purification of DT-diaphorase by affinity chromatography. Occurrence of two subunits and nonlinear Dixon

and Scatchard plots of the inhibition by anticoagulants. Arch. Biochem. Biophys. 172, 380–386
70 Claveria-Gimeno, R., Velazquez-Campoy, A. and Pey, A.L. (2017) Thermodynamics of cooperative binding of FAD to human NQO1: implications to

understanding cofactor-dependent function and stability of the flavoproteome. Arch. Biochem. Biophys. 636, 17–27,
https://doi.org/10.1016/j.abb.2017.10.020

71 Megarity, C.F., Gill, J.R., Caraher, M.C., Stratford, I.J., Nolan, K.A. and Timson, D.J. (2014) The two common polymorphic forms of human NRH-quinone
oxidoreductase 2 (NQO2) have different biochemical properties. FEBS Lett. 588, 1666–1672, https://doi.org/10.1016/j.febslet.2014.02.063

72 Megarity, C.F., Looi, H.K. and Timson, D.J. (2014) The Saccharomyces cerevisiae quinone oxidoreductase Lot6p: stability, inhibition and cooperativity.
FEMS Yeast Res. 14, 797–807, https://doi.org/10.1111/1567-1364.12167

73 Ferrell, Jr, J.E. (2009) Q&A: cooperativity. J. Biol. 8, 53, https://doi.org/10.1186/jbiol157
74 Levitzki, A. and Koshland, Jr, D.E. (1969) Negative cooperativity in regulatory enzymes. Proc. Natl. Acad. Sci. U.S.A. 62, 1121–1128,

https://doi.org/10.1073/pnas.62.4.1121
75 Siegel, D., Dehn, D.D., Bokatzian, S.S., Quinn, K., Backos, D.S., Di Francesco, A. et al. (2018) Redox modulation of NQO1. PLoS One 13, e0190717,

https://doi.org/10.1371/journal.pone.0190717
76 Huang, F. and Nau, W.M. (2003) A conformational flexibility scale for amino acids in peptides. Angew. Chem. Int. Ed. Engl. 42, 2269–2272,

https://doi.org/10.1002/anie.200250684
77 Rosvold, E.A., McGlynn, K.A., Lustbader, E.D. and Buetow, K.H. (1995) Identification of an NAD(P)H:quinone oxidoreductase polymorphism and its

association with lung cancer and smoking. Pharmacogenetics 5, 199–206, https://doi.org/10.1097/00008571-199508000-00003
78 Siegel, D., Anwar, A., Winski, S.L., Kepa, J.K., Zolman, K.L. and Ross, D. (2001) Rapid polyubiquitination and proteasomal degradation of a mutant form

of NAD(P)H:quinone oxidoreductase 1. Mol. Pharmacol. 59, 263–268, https://doi.org/10.1124/mol.59.2.263
79 Pey, A.L., Megarity, C.F. and Timson, D.J. (2014) FAD binding overcomes defects in activity and stability displayed by cancer-associated variants of

human NQO1. Biochim. Biophys. Acta 1842, 2163–2173, https://doi.org/10.1016/j.bbadis.2014.08.011
80 Lienhart, W.D., Gudipati, V., Uhl, M.K., Binter, A., Pulido, S.A., Saf, R. et al. (2014) Collapse of the native structure caused by a single amino acid

exchange in human NAD(P)H:quinone oxidoreductase. FEBS J. 281, 4691–4704, https://doi.org/10.1111/febs.12975
81 Munoz, I.G., Morel, B., Medina-Carmona, E. and Pey, A.L. (2017) A mechanism for cancer-associated inactivation of NQO1 due to P187S and its

reactivation by the consensus mutation H80R. FEBS Lett. 591, 2826–2835, https://doi.org/10.1002/1873-3468.12772
82 Medina-Carmona, E., Fuchs, J.E., Gavira, J.A., Mesa-Torres, N., Neira, J.L., Salido, E. et al. (2017) Enhanced vulnerability of human proteins towards

disease-associated inactivation through divergent evolution. Hum. Mol. Genet. 26, 3531–3544, https://doi.org/10.1093/hmg/ddx238
83 Pey, A.L. (2018) Biophysical and functional perturbation analyses at cancer-associated P187 and K240 sites of the multifunctional NADP(H):quinone

oxidoreductase 1. Int. J. Biol. Macromol. 118, 1912–1923, https://doi.org/10.1016/j.ijbiomac.2018.07.051
84 Medina-Carmona, E., Neira, J.L., Salido, E., Fuchs, J.E., Palomino-Morales, R., Timson, D.J. et al. (2017) Site-to-site interdomain communication may

mediate different loss-of-function mechanisms in a cancer-associated NQO1 polymorphism. Sci. Rep. 7, 44532, https://doi.org/10.1038/srep44532
85 Martı́nez-Limón, A., Alriquet, M., Lang, W.H., Calloni, G., Wittig, I. and Vabulas, R.M. (2016) Recognition of enzymes lacking bound cofactor by protein

quality control. Proc. Natl. Acad. Sci. U.S.A. 113, 12156–12161, https://doi.org/10.1073/pnas.1611994113
86 Mesa-Torres, N., Betancor-Fernandez, I., Oppici, E., Cellini, B., Salido, E. and Pey, A.L. (2018) Evolutionary divergent suppressor mutations in

conformational diseases. Genes 9, 352, https://doi.org/10.3390/genes9070352
87 Hussain, B.M., Hassam, K., Ooi, Q. and Bryce, R.A. (2014) On the preferred structure of dicoumarol and implications for enzyme binding: a quantum

chemical analysis. Chem. Phys. Lett. 602, 45–51, https://doi.org/10.1016/j.cplett.2014.04.009
88 Hutchinson, D.W. and Tomlinson, J.A. (1969) The structure of dicoumarol and related compounds. Tetrahedron 25, 2531–2537,

https://doi.org/10.1016/S0040-4020(01)82798-8

c© 2019 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
License 4.0 (CC BY).

9

D
ow

nloaded from
 http://portlandpress.com

/bioscirep/article-pdf/39/1/BSR
20180459/844243/bsr-2018-0459c.pdf by guest on 23 M

ay 2023

https://doi.org/10.1016/j.abb.2017.10.020
https://doi.org/10.1016/j.febslet.2014.02.063
https://doi.org/10.1111/1567-1364.12167
https://doi.org/10.1186/jbiol157
https://doi.org/10.1073/pnas.62.4.1121
https://doi.org/10.1371/journal.pone.0190717
https://doi.org/10.1002/anie.200250684
https://doi.org/10.1097/00008571-199508000-00003
https://doi.org/10.1124/mol.59.2.263
https://doi.org/10.1016/j.bbadis.2014.08.011
https://doi.org/10.1111/febs.12975
https://doi.org/10.1002/1873-3468.12772
https://doi.org/10.1093/hmg/ddx238
https://doi.org/10.1016/j.ijbiomac.2018.07.051
https://doi.org/10.1038/srep44532
https://doi.org/10.1073/pnas.1611994113
https://doi.org/10.3390/genes9070352
https://doi.org/10.1016/j.cplett.2014.04.009
https://doi.org/10.1016/S0040-4020(01)82798-8

