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Abstract

NAD(P)H:quinone oxidoreductase (NQO1) and NRH:quinone  
oxidoreductase 2 (NQO2) catalyze the two-electron reduction of  
quinones and thereby prevent generation of toxic radicals. Quinone 
methides (QM) covalently react with cellular macromolecules to  
form DNA adducts and/or protein conjugates resulting in toxicity and 
carcinogenesis. Based on similar structural features of quinones and 
QM’s, it is logical to assume that NQO1 and/or NQO2 could also 
catalyze the two-electron reduction of QM’s. However, hitherto the 
reduction of QM’s, as both endogenous and/or exogenous biological 
substrates, by either NQO1/NQO2 has never been demonstrated. 
Here we show for the first time that both NQO1 and NQO2 can  
catalyze the reduction of electrophilic ortho-/para-QM’s. The involve-
ment of the enzyme in the reduction of p-cresol-quinone-methide 
(PCQM) and o-cresol-quinone-methide (OCQM) was demonstrated 
by reappearance of NQO1/NQO2-FAD peak at 450 nm after addition 
of the QM’s to the assay mixture. Further reduction of methides  
by NQO1/NQO2 was confirmed by analyzing the assay mixture by 
tandem mass spectrometry. Preliminary kinetic studies show that 
NQO2 is faster in reducing QM’s than its homolog NQO1, and  
moreover, ortho-QM’s are reduced faster than para-QM’s.  
Enzyme-substrate docking studies showed results consistent with 
enzyme catalysis. Thus, NQO1/NQO2 can play a significant role  
in deactivation of QM’s.
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Abstract 

NAD(P)H:quinone oxidoreductase (NQO1) and NRH:quinone 

oxidoreductase 2 (NQO2) catalyze the two-electron reduction of quinones and 

thereby prevent generation of toxic radicals. Quinone methides (QM) covalently 

react with cellular macromolecules to form DNA adducts and/or protein conjugates 

resulting in toxicity and carcinogenesis. Based on similar structural features of 

quinones and QM’s, it is logical to assume that NQO1 and/or NQO2 could also 

catalyze the two-electron reduction of QM’s. However, hitherto the reduction of 

QM’s, as both endogenous and/or exogenous biological substrates, by either 

NQO1/NQO2 has never been demonstrated. Here we show for the first time that 

both NQO1 and NQO2 can catalyze the reduction of electrophilic ortho-/para-QM’s. 

The involvement of the enzyme in the reduction of p-cresol-quinone-methide 

(PCQM) and o-cresol-quinone-methide (OCQM) was demonstrated by 

reappearance of NQO1/NQO2-FAD peak at 450 nm after addition of the QM’s to 

the assay mixture. Further reduction of methides by NQO1/NQO2 was confirmed by 

analyzing the assay mixture by tandem mass spectrometry. Preliminary kinetic 

studies show that NQO2 is faster in reducing QM’s than its homolog NQO1, and 

moreover, ortho-QM’s are reduced faster than para-QM’s. Enzyme-substrate 

docking studies showed results consistent with enzyme catalysis. Thus, 

NQO1/NQO2 can play a significant role in deactivation of QM’s. 

Key words: NQO1; NQO2; ortho-quinone methide; para-quinone methide; mass 
spectrometry; enzyme kinetics; substrate binding 

Abbreviations: NQO1, NAD(P)H:quinone oxidoreductase 1; BNAH, 

benzyldihydronicotinamide riboside; NQO2, NRH:quinone oxidoreductase 2; NRH, 

dihydronicotinamide riboside; PCQM, p-cresol quinone methide; OCQM, o-cresol 

quinone methide; MD,Menadione 

Introduction 

NAD(P)H:quinone oxidoreductase (NQO1, DT-diaphorase) and 

NRH:quinone oxidoreductase 2 (NQO2) enzymes have unique ability to catalyze 

the two-electron reduction of quinones to hydroquinones, thereby prevents 

generation of toxic semiquinone radicals, reactive oxygen species and alkylation [1-

5]. Recently expression levels or single nucleotide polymorphisms in NQO1 have 

been shown to be associated with numerous cancers, viz. breast [6], prostate [7], 

colorectal [8], esophageal [9], gastric [10], osteocarcinoma [11], skin [12], acute 

myeloid leukemia (AML) [13] as well as cardiovascular diseases [14], Parkinson’s 

disease [15] and diabetes [16]. Similarly, expression levels or single nucleotide 

polymorphisms in NQO2 are shown to be associated with AML [13], breast [17], 

prostate [18] and esophageal [9] cancer as well as cardiovascular diseases [14], 
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Parkinson’s disease [19] and schizophrenia [20]. Furthermore, both NQO1 and 

NQO2 are proposed as strong prognostic and predictive indicators of breast cancer 

[21]. NQO1 has been extensively studied since 1960 when it was first identified by 

Ernster et al. and named as DT-diaphorase [22]. NQO2 was discovered by Liao and 

Williams-Ashman in 1961, but its exact biological role is still being determined [23]. 

NQO1 and its homolog NQO2 are ubiquitous among various tissues, including liver, 

kidney, brain, heart, and lung [24, 25]; in addition, many solid tumors including 

thyroid, adrenal, breast, ovarian, cornea, colon, liver, and non-small cell lungs 

cancers express NQO1. The high level of sequence homology between NQO1 and 

NQO2 suggests that NQO2 may have overlapping substrate specificities and similar 

functions to that of NQO1 [26, 27]. NQO2 is different from NQO1, however, in its 

cofactor requirements, using a metabolic product of NAD(P)H, dihydronicotinamide 

riboside (NRH), rather than NAD(P)H as an electron donor. Another major 

difference between NQO2 and NQO1 is that NQO2 is resistant to typical inhibitors 

of NQO1, such as dicumarol. The crystal structure analysis of NQO2 shows that it 

contains a specific metal binding site that is not present in NQO1 [28, 29]. 

Gathering evidence suggest that in addition to two-electron reduction of quinone 

compounds, NQO1 is involved in scavenging of superoxide anion radicals, 

maintenance of endogenous antioxidants, 20S proteasome pathway and 

stabilization of p53 protein [21]. Owing to their broad substrate specificity, NQO1 

and NQO2 play an important role in the detoxification of various endogenous and 

exogenous quinones [30-32], including estrogen quinones [33, 34] which is 

consistent with their association with many diseases. However, hitherto the 

reduction of quinone methides (QM), as both endogenous and exogenous biological 

substrates, by either NQO1 or NQO2 has never been demonstrated. 

Quinone methides are structurally analogous to quinones, with one of the 

carbonyl groups replaced by a methylene group. Due to this, QM’s are more 

polarized and reactive than quinones, with rearomatization being a key driving 

force. QM’s are known to interact with biological macromolecules resulting in 

formation of DNA adducts and/or protein conjugates (Fig. 1) [35-38]. Like quinones, 

QM’s are also known to undergo redox-cycling and generate reactive oxygen 

species. QM intermediates react with glutathione, resulting in glutathione depletion, 

which can cause cell death. Previous studies with p-cresol, o-cresol, and tamoxifen 

have demonstrated the enzyme-catalyzed formation of QM’s [36-38], which 

covalently interact with DNA resulting in formation of DNA adducts. Due to their 

cytotoxicity, molecules that have the QM moiety or that can produce QM 

intermediates upon biological activation are being synthesized or extracted from 

natural products and are tested as potential chemotherapeutic drugs against cancer 

[39]. 

Taking into account the similar structural features of quinones and quinone 

methides, it is logical to assume that NQO1 and/or NQO2 could also catalyze the 

two electron reduction of endogenous or exogenous QM’s. In fact QM’s have never 
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been investigated as substrates for NQO1 and NQO2. In this study, we used 

strategies to ascertain the role of NQO1 and NQO2 in catalyzing the reduction of 

ortho- and para-quinone methides. Both o-cresol and p-cresol have minimal 

structural features needed to form the basic backbone of ortho- and para-quinone 

methide respectively, and hence they were used in this study. For the first time, we 

have established that QM’s are biological substrates of NQO1 and NQO2. 

EXPERIMENTAL PROCEDURES 

NQO1 (expressed in E. coli, lyophilized powder), NQO2 (expressed in E. 

coli), NADH, menadione (MD), p-cresol and o-cresol were purchased from Sigma 

Chemical Co. (St. Louis, MO). BNAH was purchased from TCI America (Portland, 

OR). Activated MnO2 was obtained from Aldrich Chemical Co. (Milwaukee, WI). All 

solvents used were HPLC grade and all other chemicals were of the highest grade 

available. p-cresol quinone methide (PCQM) and o-cresol quinone methide 

(OCQM) were freshly synthesized using a reported procedure [36, 37]. The identity 

of both quinone methides was confirmed by UV and MS/MS (Fig. 2). 

Determination of NQO1 and NQO2 activity using UV-Vis spectroscope 
The anaerobic reduction and oxidation of protein-bound FAD were 

monitored at 450 nm in the absence and presence of the cofactor, and substrate 

using a UV-Vis spectrophotometer (Evolution 300, Fisher Scientific). Nitrogen gas 

was bubbled continuously for 2 h in the buffer, and organic solvents were degassed 

to ensure anaerobic conditions. The reduction of protein-bound FAD was monitored 

between 280 nm and 700 nm. First, the protein-bound FAD was reduced by NADH, 

and then the reduced flavin was used to carry out the reduction of the substrate. 

10U of NQO1 was added to 1mL buffer (25 mM Tris-HCl, pH 6.8) containing 

0.7 mg/ml BSA in a 1.5 ml cuvette, and a spectrum was recorded. This was 

followed by the addition of 0.9 eq NADH to the same cuvette, and then the 

reoxidation of the protein-bound flavin was carried out by the addition of PCQM or 

OCQM (1.2eq). Spectra were recorded after each addition. Exactly same procedure 

was followed for NQO2 assay, except BNAH was used as the cofactor. The assay 

mixtures were passed through 5000MW cutoff filters and directly injected into the 

mass spectrometer for product analysis. 

Control spectra were recorded separately of NADH (0.9 eq), BNAH (0.9 eq), 

and 1.2 eq of PCQM and OCQM added at room temperature to 1mL buffer (25 mM 

Tris-HCl, pH 6.8) containing 0.7 mg/ml BSA in a 1.5ml cuvette. As a control, to 

determine whether p-cresol or o-cresol regenerates the protein-bound reduced 

FAD, a separate assay was performed with the cresol isoforms as the substrates. 
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MS/MS analysis of quinone methide reduction 
Xevo-TQ triple quadrupole mass spectrometer (Waters, Milford, MA, USA) 

recorded MS/MS spectra using Electron Spray Ionization (ESI) in positive mode, 

capillary voltage of 3.0 kV, extractor cone voltage of 3V and detector voltage of 500 

V. Desolvation gas flow was maintained at 600L/h. Source temperature and 

desolvation temperatures were set at 150 and 350° C, respectively. The collision 

energy was varied to optimize daughter ions. The acquisition range was 20-500 Da. 

The test samples, pure standards of ortho-/ para-cresol, both QM’s and the enzyme 

assay mixtures, were introduced to the source at a flow rate of 5µl/min by using 

methanol: water (1:1) and 0.1% formic acid mixture as the carrier solution and the 

MS and MS/MS spectra were recorded. 

Kinetic studies 
Kinetic measurements were carried out at 25°C in 1 ml of 25 mM Tris-HCl, 

pH 6.8, containing 0.7 mg/ml BSA in a 1.5-ml cuvette using a UV 

spectrophotometer. Reduction of the substrate, PCQM, OCQM and MD, by reduced 

NQO1/NQO2 was assayed at 450 nm. In these cases, the kinetic studies were 

carried out by assaying 0.4 μM NQO1/NQO2 at increasing concentrations of 

PCQM, OCQM, MD. Km values were calculated with Origin software (Origin 8.5.0, 

Northampton, MA). 

Substrate docking study 
Substrate docking was performed with SwissDock [40, 41] using PDB’s for 

NQO1 (1D4A) [42] and NQO2 (1QR2) [28] along with PCQM (CID: 136328) [43] 

and OCQM (CID: 13265823) [44] as inputs for docking. Zinc atoms were deleted 

from NQO2 PDB. Only one subunit of NQO1 PDB was utilized for docking. 

Solutions were chosen based on reported energy values and proximity to and 

correct alignment of the substrate with the FAD isoalloxazine ring and orientation of 

the alkene and N-5, based on previously reported crystal structure of menadione 

with NQO2 (PDB 2QR2, [28]). Docking results were visualized with UCSF Chimera 

[45]. 

Results 

We have investigated the NQO1- and NQO2-catalyzed reduction of both 

ortho- and para-quinone methides by using UV and tandem mass spectrometry. 

Determination of methide reductase activity of NQO1 & NQO2 
We took advantage of the ping-pong mechanism of enzyme catalysis [33, 

34], and divided the assay into two steps. First, FAD-NQO1/ FAD-NQO2 were 

reduced with either NADH or BNAH, and second, the reduced enzyme was further 

used to carry out the reduction of the substrate. The reduction of methide 

substrates by the NQO1/ NQO2 enzymes was studied by monitoring the redox 

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
JH

U
 J

oh
n 

H
op

ki
ns

 U
ni

ve
rs

ity
 o

n 
10

/0
2/

13
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



JU
ST

 A
CC

EP
TE

D

                                                                      
  
 

6 
 

cycle of FAD in the active site of NQO1/ NQO2. The UV-Vis absorption spectrum of 

native (oxidized) NQO1 is shown in Fig.3. The stoichiometry of cofactor, NADH was 

adjusted to 0.9 eq to avoid spontaneous reduction of the substrate by excess 

cofactor. Upon addition of NADH to the assay mixture containing NQO1 the FAD 

absorption peak at 450 nm completely disappeared, due to its reduction to FADH2 

(Fig. 3 Ab & Bb). Next, 1.2 eq of PCQM or OCQM was added to the assay mixture, 

which caused the peak at 450 nm to reappear (Fig. 3 Ac & Bc). Excess PCQM and 

OCQM (1.2 eq) was used in the assay so that it could outnumber any unreacted 

NADH and sufficient molecules would be available for enzyme catalysis. Control 

experiments were performed in which excess p-cresol or o-cresol was added to 

assay mixture containing reduced NQO1 (Fig. 3 C & D). Addition of either p-cresol 

or o-cresol did not result in reappearance of peak at 450 nm confirming that NQO1 

used only methides as a substrates and reduction of methide was indeed catalyzed 

by NQO1. 

Similarly, The UV-Vis absorption spectrum of native (oxidized) NQO2 is 

shown in Fig.4. The stoichiometry of cofactor, BNAH, was adjusted to 0.9 eq to 

avoid spontaneous reduction of the substrate by excess cofactor. Upon addition of 

BNAH to the assay mixture containing NQO2, the FAD absorption peak at 450 nm 

completely disappeared, due to its reduction to FADH2 (Fig. 4 Ab & Bb). Next, 1.2 

eq of PCQM and OCQM was added to the reaction mixture, which caused the peak 

at 450 nm to reappear (Fig. 4 Ac & Bc). Like the NQO1 assay, excess PCQM and 

OCQM (1.2 eq) was used in the NQO2 assay so that it could outnumber any 

unreacted BNAH and sufficient molecules would be available for enzyme catalysis. 

Control experiments were performed in which excess p-cresol or o-cresol was 

added to assay mixture containing reduced NQO2 (Fig. 4 C & D). Addition of either 

p-cresol or o-cresol did not result in reappearance of peak at 450 nm confirming 

that NQO2 used only methides as a substrates and reduction of methide was 

indeed catalyzed by NQO2. 

Both these observations are consistent with the regeneration of FAD from 

FADH2 after transfer of hydride. However, it is reasonable to assume that an 

increase in the peak at 450 nm reports on the reduction of the substrate, because it 

is the immediate product of hydride transfer from FADH2. At the completion of the 

substrate reduction, the spectrum of FAD was completely restored in both NQO1 

and NQO2 (Fig. 3&4). 

Furthermore, to confirm the reduction of PCQM and OCQM by NQO1, the 

assay mixtures were passed through a filter and subjected to MS and MS/MS 

analysis. Assay mixture containing PCQM/OCQM and NQO1 showed the presence 

of MS peak at 108.9 (Fig. 5B) and 109 (Fig. 5E) m/z respectively, which is 

consistent with the M+1 of molecular mass of p-cresol or o-cresol (Fig. 2A & 2D). 

Further parent peaks, 108.9 and 109 m/z, were fragmented resulting in daughter 

ions at 92.7, 56.6 and 92.8, 56.3 m/z respectively (Figure 5B &5E). The 

fragmentation patterns matched well with that of standard p-cresol or o-cresol. To 
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confirm the reduction of PCQM and OCQM by NQO2, the assay mixtures were 

passed through a filter and subjected to MS and MS/MS analysis. Assay mixture 

containing PCQM/OCQM and NQO2 showed the presence of MS peak at 108.8 

and 109 m/z respectively, which is consistent with the M+1 of molecular mass of p-

cresol or o-cresol (Fig. 2A & 2D). Further parent peaks, 108.8 and 109 m/z, were 

fragmented resulting in daughter ions at 93, 56.2 and 92.8, 56.4 m/z respectively 

(Figure 5C &5F). The fragmentation patterns matched well with that of standard p-

cresol or o-cresol. 

Kinetic studies 
The Km values for reduction of PCQM, OCQM and MD were determined to 

be 0.474, 0.242, and 0.403 μM respectively for NQO1 mediated catalysis and 

0.242, 0.192, and 0.354 μM respectively for NQO2 mediated catalysis (Fig. 6). As 

expected in enzyme catalyzed reaction, the graph of velocity against substrate 

concentration was non-linear for all above assays (Fig. 6). When compared among 

themselves the rates of the catalysis were following order NQO2-OCQM > NQO1-

OCQM > NQO2-PCQM > NQO2-MD > NQO1-MD > NQO1-PCQM. 

Substrate docking study 
The outputs from these four combinations appeared in proximity to the FAD 

isoalloxazine ring, (Fig. 7), and were oriented to align the site of nucleophilic attack 

(alkene) and N-5 of the FAD isoalloxazine ring. The chosen docking solutions had 

NQO1 with OCQM had a total Energy = 13.66, ∆G = -5.49, and a distance of 1.87 Å 

NQO1 with PCQM had a total Energy = 12.52, ∆G = -5.2, and a distance of 2.05 Å. 

NQO2 with OCQM had a total Energy = 11.98, ∆G = -5.66, and a distance of 2.42 

Å. NQO2 with PCQM had a total Energy = 10.55, ∆G = -5.48, and a distance of 4.71 

Å. The crystal structure of NQO2 and MD (PDB 2QR2, [28]) had a distance of 4.23Å 

(Table.1, Fig. 7). 

In summary, UV-Vis and mass spectrometry as well as the docking studies 

of the enzyme–substrate complex revealed the ability of NQO1 and NQO2 to 

reduce the ortho- as well as para- quinone methide backbones. Kinetic studies 

revealed that NQO1 and NQO2 reduced para-quinone methides slower than ortho-

quinone methides. 
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Discussion 

For the first time, we have demonstrated the NQO1- and NQO2-catalyzed 

reduction of both ortho- and para-quinone methides by using UV-Vis spectroscopy 

and tandem mass spectroscopy. These studies were further supported by docking 

studies of the enzyme–substrate complex. The NQO1 and NQO2 activity assays 

were carried out in two stages. First, in the absence of oxygen, NQO1/NQO2 was 

stoichiometrically reduced with NADH/BNAH, which transferred hydride to the FAD 

bound to the enzyme (Fig. 8). It has been suggested that the negative charge 

generated by hydride transfer is delocalized to the oxygen of the isoalloxazine of 

FAD, which takes a proton from the neighboring amino acid, tyrosine. After hydride 

transfer, the resulting NAD+ leaves and makes the binding pocket available for 

substrate binding [46]. Fig. 3 & 4 reflect that the NQO1/NQO2 enzymes are readily 

reduced by NADH and BNAH respectively, irrespective of a possible need for the 

presence of the substrate as an activating effector. In the next step, hydride transfer 

from reduced flavin to ortho-/para-quinone methide is carried out (Fig. 8). This 

transfer is primarily dependent upon the correct orientation and approach of the C-

6/8 of the quinone methide, PCQM/OCQM, and N-5 of the isoalloxazine ring. The 

reoxidation of FAD after addition of PCQM/OCQM, confirming the reduction of 

PCQM/OCQM in the binding pocket of NQO1/NQO2, is shown in Fig. 3 & 4. After 

this reduction, the resulting hydro-quinone methide tautomerizes to methylphenol, 

p-cresol/o-cresol (Fig. 8) and the isoalloxazine of FAD returns to the oxidized 

quinoid form. The regeneration of FAD implies that PCQM/OCQM has reached the 

binding pocket and did not alkylate the binding site. It is possible that some part of 

QM’s, due to its high reactivity, could covalently interact with minor portion of 

NQO1/NQO2, rendering them inactive. However, assay conditions such as almost 

instantaneous recording of the UV spectrum after addition of substrate keeps the 

major portion of the enzyme intact, which is reflected in Mechalis –Menton kinetics. 

Subsequent tandem mass spectrometry analysis of the reaction mixtures that were 

used for UV assays were performed to investigate the catalytic products of NQO1 

and NQO2 enzyme reductions. MS/MS results clearly demonstrates the presence 

of p-cresol/o-cresol in the respective assay mixtures confirming the reduction of 

PCQM/OCQM (Fig. 5). 

To provide additional evidence for enzyme involvement in the reduction and 

to understand the comparative activities of NQO1 and NQO2, we used the ping-

pong mechanism of enzyme catalysis [33, 34] to determine the Km values for 

PCQM, OCQM, and MD. Our results suggest that NQO2-catalyzed reaction is 

slightly faster for all three substrates, PCQM, OCQM, and MD, than NQO1 (Fig. 6). 

The binding pockets of NQO1 and NQO2 are similar to each other with the 

exception of three residues, residue # 126, 128, and 131, which allow the NQO2 

binding pocket to be slightly bigger and hydrophobic than that of NQO1 [28, 47]. 

The larger size and hydrophobicity of the NQO2 binding site might explain the 
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higher affinity of all three substrates, (PCQM, OCQM, and MD) for NQO2 than for 

NQO1. The substrate with the highest affinity for both enzymes was OCQM (Fig. 6), 

which is not surprising because OCQM is more electrophilic than PCQM based on 

strain in ring structure due to the ortho- positioned alkene. Both NQO1 and NQO2 

reduced para-quinone methides slower than ortho-quinone methides. The para- 

containing substrates, PCQM and MD, had similar affinities for NQO1 and NQO2. 

The results show that NQO2 has a slightly higher affinity for PCQM than MD. 

However, NQO1 appears to have a higher affinity for MD than PCQM (Fig. 5). 

These results also suggest that for NQO2, QM’s appears to be better substrates 

than quinones, whereas for NQO1 the distinction is not clear. 

NQO1 and NQO2 both contain one FAD binding site per subunit [28, 42]. 

The FAD sits in the floor of the binding pocket, and the isoalloxazine ring of the FAD 

is responsible for the stacking of planar aromatic substrates that insert into the 

active site [48, 49]. The hydrophobic pocket along with π-stacking of the 

isoalloxazine ring of NQO1 and NQO2 could provide a region with high affinity for 

ligands such as PCQM and OCQM (Fig. 7) [19]. Docking studies show that both 

PCQM and OCQM are aligned over the isoalloxazine ring in the binding pocket of 

NQO1/NQO2, which is consistent with previous reports [14, 19]. There were no 

direct contacts observed between the substrate and enzyme, following previous 

reports in the menadione NQO2 crystal structure [28]. We chose docking outputs 

that oriented the alkene group of both PCQM and OCQM near the N-5 of the 

isoalloxazine ring in order to facilitate reduction by respective 1,6 [36] and 1,8 [50] 

Michael’s addition reaction (Fig. 8). The optimal distance for direct hydride transfer 

from the N-5 of the isoalloxazine ring of FAD to the substrate has been shown to be 

within 10 Å [51]. For example, the distance between NADH and N-5 of NQO1 has 

been previously reported to be 4.02 Å [19, 42] and the distance between MD and 

the N-5 of NQO2 was found to be 4.23 Å (Table 1, Fig. 7, [28]). In the current study 

the distance between PCQM and N-5 of NQO1 was found to be 4.71 Å, whereas it 

was 1.87 Å in case of NQO2. For OCQM the distance was found to be 2.05 Å for 

NQO1 and 2.42 Å in the case of NQO2. All these distances fall within needed 10 Å 

range, suggesting that these docking solutions position the N-5 at a favorable 

distance for hydride transfer (Table 1, Fig. 7). Additionally, a similar planar 

orientation over the isoalloxazine ring π-system has been observed, though with 

some slight deviations for some solutions (Fig. 7). Due to their reasonably wide 

binding site, both NQO1 and NQO2 could accommodate structurally diverse 

endogenous and exogenous quinone methides. 

It has been well documented that alkyl phenol group present in endogenous 

molecules, environmental toxicants, carcinogens and chemotherapeutic drugs could 

undergo enzymatic oxidation by peroxidases and P450 enzymes to form transient 

radical species, which can further oxidize to quinone methides [39]. Quinone 

methides are known electrophilic species that covalently react with cellular 

macromolecules to form DNA adducts and/or protein conjugates [35-39]. The 
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covalent binding of quinone methides have been shown to lead to various forms of 

cytotoxicity, immunotoxicity, and carcinogenesis [35-39]. The UV spectra obtained 

indicate that both NQO1 and NQO2 accept QM’s a substrate (Fig. 3&4). Our results 

suggest that NQO1/NQO2 can catalyze reduction of a variety of both ortho- and 

para-quinone methides and thereby provide protection against these reactive 

species. 

On the contrary, the distribution of NQO1 and NQO2 in many tumors could 

have a potential impact on the development and efficacy of QM generating or 

containing anticancer agents. Many solid tumors including thyroid, adrenal, breast, 

ovarian, cornea, colon, liver, and non-small cell lungs cancers express the NQO1 

gene [52- 53]. Expression of the NQO2 gene is high in normal human liver and 

skeletal muscle [24, 56, 57], and minimal in the kidney, heart, pancreas, brain, and 

red blood cells [58]. There is growing interest in the possible use of QM containing 

molecules as promising chemotherapeutic drugs [39]. Recently, numerous synthetic 

QM DNA alkylating agents that can form nucleobase adducts have been developed 

as probable antitumor agents [39, 59]. The ability of NQO1 and NQO2 to reduce 

QM’s may have significant implications against the efficacy of potential QM based 

anticancer drugs currently under development. 

In conclusion, ortho- and para-QM’s are substrates of NQO1 as well as 

NQO2, and NQO1/NQO2 can play significant role in deactivation of ortho- and 

para-QM’s that are formed from endogenous molecules, environmental toxicants, 

and carcinogens that might lead to toxicity. These findings may also have broad 

implications for the efficacy of potential QM based anticancer drugs that are 

currently under development. 
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Figure Legends 

Figure 1 

Proposed biological mechanisms of quinone methide formation and toxic pathways. 
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Figure 2 

ESI-MS/MS spectra of synthesized PCQM (A) and OCQM (B) substrates. 
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Figure 3 

Spectral changes of NQO1 following addition of NADH and substrate, PCQM (A) 

and OCQM (B). The absorption spectra were measured after sequential addition of 

NQO1, NADH and substrate to 1 ml of 25 mM Tris-HCl, pH 6.8 at room 

temperature. The concentration of the enzyme was 10 U NQO1 (spectra a). The 

spectra after addition of 0.9 eq NADH (spectra b) and 1.2 eq substrate (spectra c), 

in that order. The control spectra (C & D) were recorded by using p-cresol or o-

cresol as a substrates. The absorption spectra were measured after sequential 

addition of 10 U NQO1 and 0.9 eq NADH to 1 ml of 25 mM Tris-HCl, pH 6.8 at room 

temperature (spectra d). Addition of either 1.2 eq of p-cresol (C) or o-cresol (D) to 

assay mixture did not cause reoxidation of NQO1 (spectra e). 
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Figure 4 

Spectral changes of NQO2 following addition of BNAH and substrate, PCQM (A) 

and OCQM (B). The absorption spectra were measured after sequential addition of 

NQO2, BNAH and substrate to 1 ml of 25 mM Tris-HCl, pH 6.8 at room 

temperature. The concentration of the enzyme was 10 U NQO1 (spectra a). The 

spectra after addition of 0.9 eq BNAH (spectra b) and 1.2 eq substrate (spectra c), 

in that order. The control spectra (C & D) were recorded by using p-cresol or o-

cresol as a substrates. The absorption spectra were measured after sequential 

addition of 10 U NQO2 and 0.9 eq BNAH to 1 ml of 25 mM Tris-HCl, pH 6.8 at room 

temperature (spectra d). Addition of either 1.2 eq of p-cresol (C) or o-cresol (D) to 

assay mixture did not cause reoxidation of NQO2 (spectra e). 
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Figure 5 

ESI-MS/MS spectra of p-cresol standard (A) and o-cresol standard (D). MS/MS 

analysis of the assay mixture containing NQO1, NADH and PCQM/OCQM clearly 

shows formation of p-cresol (B) and o-cresol (E) respectively. Similarly, MS/MS 

analysis of the assay mixture containing NQO2, BNAH and PCQM/OCQM clearly 

shows formation of p-cresol (C) and o-cresol (F) respectively. 
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Figure 6 

Michaelis-Menten plots for the kinetics of NQO1 (A & B) and NQO2 (C & D) 

catalysis. Reduction of PCQM (A), OCQM (B) and MD (E) by NQO1 enzyme and 

reduction of PCQM (C), OCQM (D) and MD (F) by NQO2 enzyme, respectively. 
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Figure 7 

Substrate binding with NQO1 (light grey) and NQO2 (dark grey). (A) PCQM 

(orange) docking to NQO1. (B) OCQM (yellow) docking to NQO1. (C) PCQM 

docking with NQO2. (D) OCQM docking to NQO2. (E) MD (green) bound to NQO2 

(28). All substrate and enzymes docking was performed using Swissdock online 

docking (11), and created using Chimera (45). 
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Figure 8 

Proposed mechanism for reduction of quinone methides by NQO1 and NQO2. 
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Table Legend 

Table 1 

Energies of docking solutions and measured distances from FAD 
Substrate Total Energyα ΔGα Distance from N-5(FAD)β 

 NQO1  
PCQM 12.52 -5.20 1.87 Å 
OCQM 13.66 -5.49 2.05 Å 
 NQO2   
PCQM 10.55 -5.48 4.71 Å 
OCQM 11.98 -5.66 2.42 Å 
MD    4.23 Å 

Values calculated using SwissDockα and Chimeraβ for NQO1 and NQO2 with 

PCQM, OCQM,or MD. 
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