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Quinone Reductase 2 Is an Adventitious Target of Protein Kinase CK2

Inhibitors TBBz (TBI) and DMAT
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ABSTRACT: Quinone reductase 2 (NQO?2) exhibits off-target interactions
with two protein kinase CK2 inhibitors, 4,5,6,7-1H-tetrabromobenzimidazole
(TBBz) and 2-dimethylamino-4,5,6,7-tetrabromo-1H-benzimidazole
(DMAT). TBBz and DMAT induce apoptosis in cells expressing an
inhibitor-resistant CK2, suggesting that the interaction with NQO2 may
mediate some of their pharmacological effects. In this study, we have fully
characterized the binding of TBBz and DMAT to NQO2. Fluorescence
titrations showed that TBBz and DMAT bind oxidized NQO?2 in the low
nanomolar range; in the case of TBBz, the affinity for NQO2 was 40-fold
greater than its affinity for CK2. A related CK2 inhibitor, 4,5,6,7-
tetrabromobenzotriazole (TBB), which failed to cause apoptosis in cells
expressing inhibitor-resistant CK2, binds NQO2 with an affinity 1000-fold
lower than those of TBBz and DMAT. Kinetic analysis indicated that DMAT
inhibits NQO?2 by binding with similar affinities to the oxidized and reduced

forms. Crystal structure analysis showed that DMAT binds reduced NQO?2 in a manner different from that in the oxidized state.
In oxidized NQO2, TBBz and DMAT are deeply buried in the active site and make direct hydrogen and halogen bonds to the
enzyme. In reduced NQO2, DMAT occupies a more peripheral region and hydrogen and halogen bonds with the enzyme are
mediated through three water molecules. Therefore, although TBB, TBBz, and DMAT are all potent inhibitors of CK2, they
exhibit different activity profiles toward NQO2. We conclude that the active site of NQO?2 is fundamentally different from the
ATP binding site of CK2 and the inhibition of NQO2 by CK2 inhibitors is adventitious.

rotein kinases are often deregulated in cancer, and the

development of kinase inhibitors for cancer chemotherapy
has received much attention in the past 30 years." Protein
kinase CK2 (CK2) is a constitutively active kinase that
phosphorylates more than 200 protein targets and regulates a
myriad of cell signaling events in cell cycle, apoptosis, and
transcriptional control.”” With regard to apoptosis, CK2
attenuates cell death by phosphorylation of caspases and
caspase targets.* Therefore, the overexpression of CK2 in many
tumor types suggests that CK2 is involved in tumorigenesis by
preventing cell death.> As such, CK2 is an attractive cancer
therapy target and CK2 inhibitors that cause apoptosis in
cancer cells have been extensively developed over the past two
decades. However, despite tremendous efforts to increase the
specificity of inhibitors for CK2, many of these compounds
exhibit off-target interactions.

The tetrabromobenzene compounds 4,5,6,7-tetrabromoben-
zotriazole (TBB), 4,5,6,7-tetrabromobenzimidazole (TBBz),
and 2-dimethylamino-4,5,6,7-tetrabromo-1H-benzimidazole
(DMAT) are some of the most widely used inhibitors of
CK2 (Figure 1). TBB inhibits CK2 activity in the
submicromolar range with relatively high specificity over
other kinases,’ > and treatment of cells in culture with TBB
leads to apoptosis.'® Further development of TBB led to the
discovery of another potent inhibitor of CK2, TBBz, that is
more selective for yeast CK2.'"'*> Based on the tetrabromo-
benzene moiety in TBBz, another CK2 inhibitor, DMAT, was
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developed that was more selective for CK2 than TBB and
bound with an affinity 10-fold greater than that of either TBB
or TBBz.'>!* Despite being optimized for CK2 inhibition, both
TBBz and DMAT inhibit at least three other subfamilies of
kinases: DYRKs, PIM, and HIPK2."® Furthermore, theéy also
bind several non-kinase targets with ATP binding sites.'® Such
nontargeted interactions may contribute to the cellular effects
of the inhibitors.

In a series of unbiased validation studies of the specificity of
these inhibitors, Duncan and co-workers identified quinone
reductase 2 (NQO2) as a particularly interesting non-kinase
target of TBBz and DMAT."” Briefly, an inhibitor-resistant
mutant of CK2 was transfected into cells to rescue them from
CK2 inhibitor-induced apoptosis; however, only TBB-treated
cells were rescued, while TBBz- and DMAT-treated cells
underwent apoptosis. Therefore, inhibition of CK2 alone did
not fully account for the cell death caused by TBBz and DMAT
treatment. This challenges the notion that CK2 is the bona fide
target of the two inhibitors and indicates that TBBz and DMAT
act through alternate mechanisms to cause cellular apoptosis.
Further investigation using a proteomics approach identified a
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Figure 1. Chemical structure and electrostatic properties of CK2 inhibitors 4,5,6,7-tetrabromobenzotriazole (TBB), 4,5,6,7-tetrabromo-1H-
benzimidazole (TBBz), and 2-dimethylamino-4,5,6,7-tetrabromo-1H-benzimidazole (DMAT). Partial charges were calculated and displayed on the
molecular surfaces using Marvin 6.3.1 by ChemAxon (http://www.chemaxon.com).

non-kinase target, NQO?2, that eluted from an ATP-Sepharose
affinity column when it was washed with TBBz and DMAT but
not with a similar concentration of TBB. This corresponded to
the rescue experiment in which TBBz and DMAT but not TBB
caused cell death and suggests that NQO2 inhibition may
contribute to the apoptotic effects of the drugs. Thus, it
prompted our investigation of NQO?2 inhibition by the three
inhibitors.

Historically, NQO2 and related quinone reductases have
been characterized as enzymes involved in quinone detox-
ification. They do so by catalyzing an obligate two-electron
transfer to a quinone to produce the relatively stable quinonol,
thus preventing non-enzyme-catalyzed sin§le—electron transfer
that produces redox active semiquinones.> NQO?2 is unusual,
however, because it uses dihydronicotinamide riboside (NRH)
as a reducing coenzyme, rather than NAD(P)H;'? moreover, in
the presence of NRH, NQO2 was found to protect pS3 from
degradation by the 208 proteasome.*>*' At the molecular level,
reduction of NQO2 and binding of chloroquine (an
antimalarial) were shown to induce a conformational change
in NQO2, suggesting that NQO2 may function as a flavin redox
switch.>* Therefore, in addition to its role in quinone
detoxification, NQO2 appears to have a signaling function,
possibly connecting the metabolic status of the cell to pS3
levels. While its cellular functions remain to be determined,
mice deficient for NQO?2 develop skin tumors more frequently
than wild-type mice in a chemical carcinogenesis model,*
indicating that NQO?2 plays a role in cell proliferation and/or
apoptosis.

In addition to CK2 inhibitors, several chemotherapeutic
inhibitors of the Abelson kinase and protein kinase C (PKC)
were found to inhibit NQO2 with nanomolar and micromolar
affinity, respectively.”*>” The fact that multiple kinase-directed
drugs also inhibit NQO2 raised the question of whether the
drug binding site of NQO2 somehow mimics the ATP binding
site of kinases. In this study, we performed kinetic and
structural analyses to characterize the inhibition of NQO2 by
TBB, TBBz, and DMAT. The three inhibitors exhibit different
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binding profiles with respect to NQO?2 that do not correspond
to their interactions with CK2.

B METHODS

Protein Expression and Purification. Recombinant
NQO?2 was expressed in Escherichia coli and purified as
previously described.”® A critical step in the purification was
full reconstitution of the enzyme with the FAD cofactor. When
expressed in E. coli, recombinant NQO?2 typically contains
substoichiometric levels of flavin mononucleotide (FMN) and
no FAD. A partial denaturation of NQO2 and reconstitution
with FAD was incorporated into the purification grocedure,
leading to full saturation of the enzyme with FAD.>

Affinity of Inhibitors by Fluorescence Quenching. To
assess direct binding of inhibitors to oxidized NQO2
(NQO2,,), fluorescence quenching of FAD was monitored
with an excitation wavelength of 350 nm and an emission
wavelength of 430 nm. NQO?2 (775 or 38.75 nM) was titrated
with the indicated concentrations of TBB, TBBz, and DMAT.
The binding data were fit to eq 1 to obtain the dissociation
constant (Kp) for binding of the inhibitors to NQO2,,.

(F = B)/ (B = ) = [Kp + T+ NQO2

-me+1+NQpnz—41xNQpn]

/(2 x NQO2) (1)

where NQO2 and I are the final concentrations in the cuvette
of the enzyme and inhibitor, respectively, F, is the initial
fluorescence reading in counts per second without an inhibitor,
and F is the fluorescence after the addition(s) of TBBz or
DMAT. Kp, and F,,, were determined by nonlinear regression
using Prism 4.0b (GraphPad Software Inc,, San Diego, CA).
The data are presented as fractional saturation of NQO2 with
an inhibitor (F — F,)/(Fpu — F.).

Enzymatic Assays. Enzyme activity was measured by
monitoring the consumption of 1-(3-sulfonatopropyl)-3-
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carbamoyl-1,4-dihydropyrimidine (SCDP) (Sigma) coenzyme
(a dihydronicotinamide riboside analogue) at an absorbance
peak of 360 nm using a Cary 100-Bio spectrophotometer
(Varian). The reaction was initiated by addition of NQO2 at a
final concentration of 154 pM to a stirring cuvette containing
SCDP (10—365 uM) as coenzyme and menadione (0.5—50
M) (Sigma) as the substrate at 30 °C. The linear portion of
the decrease in absorbance was determined using Cary Kinetics
Software (Varian) and converted to turnover number (inverse
seconds) using the extinction coefficient of SCDP (&5, = 4480
M™' cm™'). Because menadione inhibits the reaction at high
concentrations by competing with SCDP for binding to the
oxidized enzyme, kinetic data were fit to eq 2 that describes a
ping-pong kinetic mechanism with substrate inhibition®”

Vigs = (Ve [SCOPIIM] )/ (K3EE 0y [Md]
+ Ky [SCDP] + [SCDP] [Md]) @

where

[Md] ]

Kii(scor) = KM‘SCDP)ll " Kiona)

where V; is the observed rate of reaction, V,,,, is the maximal
rate, [SCDP] and [Md] are the concentrations of SCDP and
menadione, respectively, Kyyscppy and Kyaa) are the Michaelis
constants for substrates SCDP and menadione, respectively,
and Kjng) is the competitive binding constant of menadione.
Initial values were obtained from the previous study of NQO2
kinetics using N-methyldihydronicotinamide (NeMH) as the
coenzyme.”” Kinetic parameters were fit to the data by
nonlinear regression using Igor Pro (Wavemetrics, Portland,
OR); the y* values were calculated as

-3

~\

(©)

where y and y; are the fitted and measured values, respectively,
and o; is the estimated standard deviation of the measured
value.

Enzyme Inhibition by TBBz and DMAT. To determine
the constants for inhibition (K; values) of NQO2 by TBBz and
DMAT, inhibition kinetics were performed using the same
techniques that were used for the uninhibited reaction
described above. For each inhibitor, kinetic assays were
performed either with a constant SCDP concentration of 150
uM and a varying menadione concentration or with a constant
menadione concentration of 5 yM and a varying SCDP
concentration. Because inhibitors of NQO?2 can be competitive
against SCDP, menadione, or both, we adapted the kinetic
equation to account for both types of inhibition:

Vi = (Vi SCOPIMA )/ (K3t o)

(Md]

+ Kb [SCDP] + [SCDP][Md]) (4)
where
(Md]  [1]
KaPP =K 1+ +
M(SCDP) M(SCDP)l Kivay Ky

and
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K;f(PMd) =

[1] ]
Kigp)

On the basis of eq 2, [T], Kj(,), and Kj(4) were introduced into
eq 3, where [I] is the concentration of inhibitor and Kj(,) and
Ky are the inhibition constants that modify the “apparent”
Michaelis constants Kyiscppy and Kyimp), respectively. That is,
Kj(,) is the constant that accounts for the change in Ky;(scpp) in
the presence of inhibitor; hence, it describes the component of
inhibition that is competitive against SCDP. Ky is the
constant that accounts for the change in Ky in the presence
of inhibitor; hence, it describes the component of inhibition
that is competitive against menadione. The kinetic parameters
Kyescop)yy Kmay and Ky were fixed using values
determined for the uninhibited reaction (Table 2), while
Vinaw Ki(ay and Ky(p) were determined by globally fitting data to
eq 4 using nonlinear regression (Igor Pro version 6.34A) with
the ICy, values as initial values.

IC5o Measurements. To determine the ICg, value of each
inhibitor, reactions were initiated by addition of 154 pM NQO2
to a reaction buffer containing 150 yuM SCDP and § uM
menadione with TBB (0.625—640 uM), TBBz (2.5—-640 nM),
or DMAT (2.5-640 nM). ICs, values were then calculated
using a dose—response model and represented as relative
inhibition.

Crystallization of NQO2. Oxidized NQO2 (NQO2,,) was
cocrystallized with TBBz or DMAT by hanging drop vapor
diffusion against reservoirs containing 0.1 M Hepes (pH 7.5)
and 1.3—2.0 M (NH,),SO,. Because TBBz and DMAT are not
soluble in mother liquor, TBBz or DMAT (100 M) was added
to a final concentration of 2 mg/mL (77 uM) of NQO2. The
NQO2—inhibitor complex was then concentrated 10-fold to 20
mg/mL and used for crystallization.

To obtain a structure of reduced NQO2 in complex with
DMAT, reduction of NQO2,—DMAT crystals was performed
as previously described.** Briefly, NQO2,~DMAT crystals
were repeatedly soaked into 1 uL of a reducing soak solution
with 0.1 M Hepes (pH 7.5), 2.0 M (NH,),SO,, 10 mM SCDP,
and 1 mM DMAT, for 2 min intervals until the crystals were
bleached. They were then transferred to a soak without SCDP
before briefly being passed through a cryoprotectant solution
[2.0 M (NH,),SO,, 0.1 Hepes (pH 7.5), and 20% glycerol] and
plunged into liquid nitrogen. To prevent oxidation of NQO?2,
the entire crystal mounting process from harvesting to
cryocooling was performed under an anoxic atmosphere in a
glovebag purged with N,.

X-ray Data Collection, Refinement, and Analysis.
Crystallographic data were collected at Canadian Light Source
beamline 08ID-1 or from a rotating anode source, processed
using MOSFLM,*® and merged using Scala.®! The structures
were determined by molecular replacement with Protein Data
Bank (PDB) entry 1QR2 as a starting model;*” refinement was
conducted using PHENIX.*® Given the high resolution of the
crystallographic data, NCS restraints were not used for any of
the refinements. For structures with detectable anomalous
scattering (NQO2,,—TBBz and NQO2,..—DMAT), zinc and
bromine were refined as anomalous groups. For the oxidized
NQO2—-DMAT structure, the high resolution of the data
allowed for anisotropic refinement of the zinc and bromine
atoms. These refinement strategies lowered both R, and Rg...

Topology files for TBBz and DMAT were generated using
PHENIX.ELBOW.?* For refinement of the NQO2,.,;,—DMAT

KM(Md)lI +
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structure, the FAD topology file was modified to allow bending
along the N5—N10 axis of FAD: the planarity restraints
incorporating NS and N10 of the isoalloxazine ring were
removed so that it was separated into two planes, one
incorporating the pyrimidine ring and the second the benzyl
ring. Also, the estimated standard deviations of the bond
lengths attached to NS5 and N10 were increased 10-fold, and
the bond angle and dihedral angle restraints involving NS and
N10 were removed.

To compare FAD bending among the three structures, each
structure was refined three times using simulated annealing
with the relaxed FAD topology parameters that allow for
bending of the isoalloxazine ring. The degree of bending in the
isoalloxazine ring was then calculated using principal
component analysis incorporating all atoms in each of the
two planes, and the angles in each of the three refined
structures were averaged. The NQO2,—TBBz, NQO2,—
DMAT, and NQO2,.4,—DMAT final structures were deposited
as PDB entries 4U7G, 4U7H, and 4U7F, respectively.

B RESULTS
NQO2 Is a Target of TBB, TBBz, and DMAT.

Halogenated benzotriazoles were identified as inhibitors of
CK1 and CK2, with 4,5,6,7-tetrabromobenzotriazole (TBB)
strongly inhibiting CK2.” From this starting point, brominated
benzimidazoles, in particular, 4,5,6,7-1H-tetrabromobenzimida-
zole (TBBz) and 2-dimethylamino-4,5,6,7-tetrabromo-1H-
benzimidazole (DMAT) (Figure 1), that increased selectivity
for CK2 were developed.'"'* DMAT is the most potent of
these compounds, exhibiting a 10-fold lower dissociation
constant and a 3-fold lower ICy, compared to those of TBB
and TBBz (Table 1). All three compounds target the ATP

Table 1. Binding Affinity and Inhibition of TBB, TBBz, and
DMAT with Respect to CK2 and NQO2

Kp ICy,
inhibitor CK2° NQO2° CK2° NQO2°¢
TBB 400 nM 711 £004uM 500 nM  12.8 + 2 uM
TBBz 700 nM 181 + 0.4 nM 500 nM 794 + 12 nM
DMAT 40 nM 364 + 1.7 nM 140 nM 484 + 80 nM

“Kp and ICy, values for CK2 were reported previously.'* The
dissociation constants for oxidized NQO2 were determined by
fluorescence titrations; values are means + the standard deviation
for three independent titrations. “IC, values for NQO2 were
determined by an in vitro assay with 150 uM SCDP and S uM
menadione and varying concentrations of inhibitors. Kinetic data were
fit to a sigmoidal response curve (Figure 2B); values are the estimated
ICs, + the range of the 95% confidence interval.

binding site of CK2, and on this basis, it is not surprising that
they are also active against other kinases."> On the other hand,
it was surprising that both TBBz and DMAT were identified as
interactors with NQO2, which neither is a kinase nor has a
known ATP binding site.'” However, NQO2 does bind other
kinase inhibitors,>**’ raising the possibility that its active site
mimics a kinase binding site. Our goal in this study was to
characterize the binding and inhibition of NQO?2 by these three
compounds and compare their activities against NQO2 with
those against CK2.

TBB, TBBz, and DMAT are planar aromatic compounds and
as such are expected to bind to NQO?2 by stacking onto the
isoalloxazine ring of FAD. On this basis, fluorescence titrations
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were used to directly measure binding affinities for oxidized
NQO?2. Both TBBz and DMAT bound tightly to NQO2, with
Kp values of 18 and 36 nM, respectively, while TBB bound
much more weakly with a Kp of 7.1 uM (Table 1 and Figure
2A). To characterize the ability of these compounds to inhibit
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Figure 2. Binding and inhibition of NQO2 by TBBz, DMAT, and
TBB. (A) Representative data for binding of TBBz (A), DMAT (V),
and TBB (M) to oxidized NQO?2. Binding was characterized by
fluorescence titrations of the inhibitors against oxidized NQO2 at a
concentration of 38.75 nM (TBBz and DMAT) or 775 nM (TBB).
The stirred sample was monitored at an excitation wavelength of 350
nm and an emission wavelength of 430 nm. The solid curves represent
the binding isotherms, which were determined by nonlinear regression
as outlined in Methods; the dissociation constants for the inhibitors
are listed in Table 1. (B) Inhibition of steady-state catalysis by TBBz
(A), DMAT (V¥), and TBB (M). Reactions were initiated with the
addition of 154 pM NQO?2 to 150 uM SCDP and S uM menadione
and varying concentrations of the inhibitors; ICs, values were
calculated from these data and are listed in Table 1.

NQO?2’s enzymatic activity, ICs, values were determined using
an in vitro assay (Figure 2B). NQO2 operates by a ping-pong
catalytic mechanism: the first step is reduction of the FAD
isoalloxazine ring by dihydronicotinamide riboside (NRH),
followed by dissociation of the oxidized nicotinamide and
binding of a quinone substrate. For the assay, a commercially
available NRH analogue, 1-(3-sulfonatopropyl)-3-carbamoyl-
1,4-dihydropyrimidine (SCDP), which exhibits a change in
absorbance at 360 nm upon oxidation by NQO2, was used
along with menadione as the quinone substrate. All three
compounds inhibited the enzymatic activity of NQO2. The
ICs, values were all higher than the dissociation constants, but
the difference depended on the compound (Table 1). That is,
the ICs, value for DMAT was >12-fold higher than its Kp,
while the ICsy value for TBBz was 4-fold higher; for the
relatively weak binding inhibitor, TBB, the IC;, was only
slightly greater than the Ky, (Table 1). This indicates that the
compounds are inhibiting NQO2 through somewhat different
mechanisms.

dx.doi.org/10.1021/bi500959t | Biochemistry 2015, 54, 47—59
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The activity profiles of TBB, TBBz, and DMAT against
NQO?2 are different from those against CK2. First, both TBB
and TBBz bind to CK2 with roughly equal affinity (K, values
of 400 and 700 nM, respectively), whereas with NQO2, the
binding of TBB is almost 3 orders of magnitude weaker than
that of TBBz. Second, a comparison of DMAT and TBBz
shows that DMAT binds to CK2 with an affinity more than 1
order of magnitude greater than that of TBBz, whereas binding
of DMAT to NQO?2 is slightly weaker than that of TBBz
(Table 1). Finally, the large differences between K, and ICs,
values observed for NQO?2 (particularly in the case of DMAT)
were not observed for CK2; instead, for CK2, the ICy, and K,
values for TBB and TBBz were almost equal, and the IC, for
DMAT was only 3-fold greater than the Kp. On the basis of
these binding and inhibition data, the properties of the NQO2
binding site do not fully mimic the properties of the CK2 ATP
binding site. To improve our understanding of the interactions
between NQO2 and the nanomolar inhibitors TBBz and
DMAT, we performed a more detailed kinetic analysis to
determine the mode of enzymatic inhibition.

Kinetic Analysis of Inhibition of NQO2 by TBBz and
DMAT. The ping-pong catalytic mechanism of NQO2 means
that the active site cycles through an oxidized state and a
reduced state for each catalytic turnover. In this study, the
steady-state kinetic parameters of the uninhibited reaction were
determined using the NRH analogue SCDP as the coenzyme
and menadione as the substrate. Because previous studies have
shown that menadione acts as a competitive inhibitor toward
SCDP,* substrate inhibition by menadione was incorporated
into the kinetic model (eq 2, Methods). Consistent with
previous results, our kinetic data (Figure 3) confirm that the

600

Menadione Concentration (uM)

Figure 3. Steady-state ping-pong kinetics of NQO2 with substrate
inhibition. Steady-state kinetic analysis was performed to obtain the
kinetic parameters listed in Table 2. Initial concentrations of SCDP
were 10 (H), 25 (A), S0 (¥), 100 (@), and 365 (@) uM, and
concentrations of menadione varied as indicated. Data points are
measured rates, and solid curves represent the nonlinear regression fits
derived from globally fitting all data to eq 1 (Methods) that describes a
ping-pong kinetic mechanism with substrate inhibition by menadione.
The x* value for the global fit was 7.4 X 10%

binding of menadione to oxidized NQO2 [Kjg)] is similar to
the Michaelis constant of menadione [Kyyyq) (Table 2)]. Thus,
menadione exhibits limited discrimination between the two
redox states of NQO2.

An inhibitor of NQO2 can be competitive toward the SCDP
coenzyme and/or the quinone substrate depending on whether
the inhibitor binds preferentially to the oxidized or reduced
form of NQO2. We used eq 4 (Methods) to account for the
competitive inhibition model. In this model, each inhibitor is
expected to compete with SCDP, menadione, or both, and the
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Table 2. Steady-State Kinetic Parameters of Quinone
Reductase 2

parameter” value

ke 981 + 90.4 57!

Kyscor) 142 + 232 uyM
Kit(menadione) 1.62 + 031 uM
Ki(menadione) 8.07 + 1.48 uM

“Calculated by globally fitting rate data to eq 2, as described in
Methods.

inhibition constants Kj(,) and K4 describe the degree to which
the presence of the inhibitor alters the apparent Michaelis
constants for the reaction. Another way of viewing the Ky or
Ky constants is that their relative values should indicate the
preference of the inhibitor for either the oxidized or reduced
form of NQO2, respectively. Global fitting of the rate data
(Figure 4) to eq 4 yielded values of Ky(,) and Ky for TBBz
and DMAT as well as k_, values (Table 3). Thus, the inhibition
constant of TBBz toward SCDP (Ky(,) = 19.6 + 2.9 nM) is very
close to the binding affinity of TBBz for oxidized NQO2 (K, =
18.1 + 0.4 nM). The high value and very high standard error
for the inhibition constant of TBBz toward the quinone
substrate, menadione (Kj(;) = 865 + 3790 nM), indicate that
the interaction of TBBz with the oxidized form of NQO2 is
sufficient to completely account for TBBz-mediated inhibition,
and therefore, binding to the reduced form cannot be assessed
using steady-state kinetics. The situation for DMAT is more
complicated: the inhibition constant of DMAT toward SCDP
(Ky(q) = 121 £ 20 nM) is 3-fold higher than its affinity for
oxidized NQO2 (K, = 36.4 + 1.7 nM). Furthermore, we find
that the inhibition constant of DMAT toward menadione (KI(/})
= 302 + 131 nM) is similar to its inhibition constant against
SCDP. This indicates that DMAT is binding to both oxidized
and reduced NQO?2; it exhibits relatively poor discrimination
between the two. This was surprising but not unprecedented as
the substrate menadione also shows poor discrimination
between the two redox states of NQO2; however, DMAT is
the first inhibitor shown to exhibit similar affinity for both
redox states of NQO2.

Structures of Oxidized NQO2 with TBBz and DMAT.
Crystal structures of NQO2—inhibitor complexes were used to
determine the structural basis for binding of TBBz and DMAT
to oxidized NQO?2. Cocrystallization of NQO2 and TBBz
yielded crystals that diffracted to 1.86 A; the structure was
determined by molecular replacement and refined to an R,
value of 0.2288 (Table 4). Crystals of NQO2 contain a dimer in
the asymmetric unit, and TBBz was modeled in two
orientations in both active sites of the NQO2 dimer. Because
TBBz has four bromine atoms that contribute to anomalous
scattering, the first orientation of TBBz was modeled using an
anomalous difference map that indicated four prominent peaks
(two peaks at S—60 and two peaks at 40) in the active site of
NQO2 (Figure SA). In the first orientation, the tetrabromo-
benzene makes z-stacking interactions with the FAD
isoalloxazine ring and the phenyl ring of F178. Bromine
atoms 4 and S of TBBz make halogen bonds®* to the backbone
carbonyl of G174 and to the carboxyamide of N161. The
benzimidazole nitrogen makes a 7z-hydrogen bond>® with the
benzene ring of the WI10S indole side chain. During the
refinement, inconsistencies in the relative values for the atomic
displacement parameters (ADPs) within the imidazole ring of
TBBz suggested that TBBz was binding in an alternative
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Figure 4. Kinetic analysis of NQO2 inhibition by TBBz and DMAT. Steady-state rate measurements of NQO2-catalyzed reduction of menadione
were taken in the presence of TBBz (A and B) or DMAT (C and D) to obtain the values for Ky(,), Ki(s), and k,, listed in Table 3. In panels A and C,
assays included a constant menadione concentration of 5 M, while in panels B and D, assays included a constant SCDP concentration of 150 sM.
The concentrations of TBBz were 0 (M), SO (A), 100 (V¥), and 500 (¢) nM (A) and 0 (M), 25 (A), 50 (¥), and 100 (4) nM (B). The
concentrations of DMAT were 0 (H), 100 (A), 500 ('¥), and 1000 () nM (C) and 0 (M), 25 (A), 50 (¥), 100 (@), and 500 (®) nM (D). The
solid curves in the panels represent global fits to all of the data in panels A and B [to obtain Kj(,), Ky(s), and k., for inhibition by TBBz] or panels C
and D [to obtain Kj(y), Ky, and ke, for inhibition by DMAT]. The * value for the global fit to TBBz-inhibited NQO2 (A and B) was 1.4 X 10%,

while that for the DMAT-inhibited NQO2 (C and D) was 4.6 X 10*

Table 3. Inhibition of NQO2 by TBBz and DMAT

inhibitor Ky (nM) Kl(ﬂ)b (nM) ke (s7)
TBBz* 19.6 + 2.9 865 + 3790 949.8 + 34.5
DMAT? 121 + 20 302 + 131.0 884.0 £ 19.2

“K(q) is the component of the inhibition that is competitive against
SCDP. bKKﬂ) is the component of the inhibition that is competitive
against menadione. “The parameters (with standard errors) were
calculated by globally fitting the rate data illustrated in panels A and B
of Figure 4. “The parameters (with standard errors) were calculated by
globally fitting the rate data illustrated in panels C and D of Figure 4.

orientation (Figure SB). The second orientation of TBBz is
related by a 60° rotation around the benzene ring that places a
bromine atom in the position of one of the benzimidazole
nitrogens. Refinement of the structure with the two TBBz
orientations yielded consistent values for the ADPs. As a result
of the rotation, the halogen bonds to G174 and N161 are
maintained but are made with bromines S and 6 rather than
bromines 4 and S as in the first orientation. In addition, the 7-
hydrogen bond to the WI105 indole is replaced with an
interaction between bromine 4 and the W105 side chain. Thus,
both orientations of TBBz involve similar interactions with
NQO2.

Oxidized NQO?2 was also cocrystallized with DMAT. Data
from an NQO2,,—DMAT crystal were collected to 1.5 A, and
the structure was refined to an Ry, value of 0.2023 (Table 4).
Because these data were collected from a synchrotron source at
a wavelength farther from the bromine edge, the anomalous
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signal for bromine was weaker. Nonetheless, DMAT was
modeled in two orientations by anchoring the bromines to
anomalous scattering peaks (Figure SC,D). Like the NQO2 ,—
TBBz complex, DMAT makes z-stacking interactions with the
FAD isoalloxazine ring and the phenyl ring of F178. The first
orientation of DMAT is similar to that of TBBz, in which the
inhibitor makes two halogen bonds to the backbone carbonyl of
G174 and the carboxyamide of N161; however, the dimethyl-
amine substituent of DMAT prevents the benzimidazole
nitrogen from making a 7-hydrogen bond with W10S. The
alternate orientation of DMAT (Figure SD) is rotated 60°
clockwise and binds in an orientation almost identical to that of
TBBz (Figure SB). As one might anticipate from their
structures, TBBz and DMAT show very similar modes of
binding to the NQO2 active site. The fact that the
dimethylamine moiety of DMAT prevents it from binding
optimally in the preferred mode explains its slightly lower
affinity for NQO2 (a Kp, of 36 nM compared to a K, of 18 nM
for TBBz).

Binding of DMAT to Reduced NQO2. Our kinetic
analysis indicated that DMAT binds with a similar affinity to
the reduced and oxidized forms of NQO2. To elucidate the
mode of binding of DMAT to reduced NQO?2, crystals of
oxidized NQO2 in complex with DMAT (NQO2,,—~DMAT)
were reduced in a soaking solution containing SCDP. A data set
from a crystal of the NQO2,4,—DMAT complex was collected
to 1.90 A and the structure refined to an Rg,, value of 0.2268
(Table 4). It was clear that reduction of the FAD coenzyme had
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Table 4. Crystallographic Data Collection and Refinement Statistics

oxidized NQO2

reduced NQO2

TBBz
wavelength (A) 1.54
space group P2,2,2,
unit cell dimensions (A) 56.24, 83.17, 106.65
resolution (A) 18.18—1.91
Ry 0.098 (0.57)
I/o(1)* 7.5 (2.0)
completeness® 92.8 (57.3)
redundancy 4.4
no. of unique reflections 36697

Riori/Resee 0.1745/0.2288

Ramachandran plot? (%)

most favored 90.2
additionally allowed 9.3
generously allowed 0.5

disallowed 0

root-mean-square deviation

bond lengths (A) 0.009
bond angles (deg) 1.150
dihedral angles (deg) 14.665
mean ADP value (A%)
protein
all atoms 20.990
main chain 20.084
side chain 21913
solvent
water 27.553
FAD 22.305
inhibitor 26.988

DMAT DMAT
1.03 1.54
P2.2.2, P2,2.2,
56.25, 83.01, 106.48 56.12, 83.14, 106.46
30.02—1.45 17.99-1.73
0.06 (0.43) 0.073 (0.66)
9.7 (1.7) 14.8 (2.6)
96.0 (74.5) 89.9 (74.5)
4.6 62
85781 47314

0.1843/0.1958 0.1840/0.2254

91.7 90.7
7.8 8.8

0.5 0.5

0 0
0.010 0.009
1.353 1.128
14.702 14.238
21.913 23.698
20.285 22.608
23.282 24.809
31.850 26.960
22.682 25.113
46.165 37.759

“Values in parentheses refer to the highest-resolution shell. ’Ramachandran plot statistics were calculated using PROCHECK.®®

a major effect on binding of DMAT: it was less deeply buried in
NQO2,.4 than in NQO2,, and the space made available was
filled with water molecules that mediate interactions between
DMAT and reduced NQO2. As with the oxidized NQO2—
DMAT complex, DMAT bound to the reduced enzyme in two
orientations: this was clear from the presence of three strong
anomalous scattering peaks representing the common positions
of the bromine atoms in the two orientations (Figure SE,F).
Two of the bromines interact with three water molecules
(numbers 32, 16, and 85) that in turn are hydrogen-bonded to
the backbone carbonyl of G174 and the carboxyamide of N161.
The third common bromine atom makes a z-halogen bond to
the W10S indole group. The less deeply buried position of
DMAT in the reduced NQO?2 structure means that it no longer
makes 7z-stacking interactions with F178, and the area in
contact with the isoalloxazine ring is also reduced.

Structural Changes in FAD in the NQO2,.,—DMAT
Complex. The reduction of the planar isoalloxazine ring of
FAD leads to a “butterfly bend” along the N5—N10 axis.** On
this basis, refinement of the NQO2, ;—DMAT structure was
conducted using a modified stereochemical restraint set for
FAD, in which planar restraints and associated bond and angle
restraints around NS and N10 were removed. The final refined
structure indicated butterfly bend angles of 3.0° and 5.4° for the
isoalloxazine ring systems in chains A and B, respectively. To
validate that the small change in the FAD isoalloxazine
structure was due to reduction of the FAD, and not simply
removal of stereochemical restraints, the refined NQO2
structures were further subjected to simulated annealing
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refinement against data from both oxidized and reduced
crystals (Table S). In the absence of stereochemical restraints
around NS and N10, the isoalloxazine ring of NQO2,, in
complex with TBBz refined to 1.8° and 2.4° for each FAD
coenzyme; for NQO2, in complex with DMAT, the bend was
2.7° and 2.4° for each FAD coenzyme. Thus, FAD is bent
approximately 2° upon reduction and binding of DMAT.

B DISCUSSION

TBB, TBBz, and DMAT are ATP-competitive inhibitors of
CK2 that reduce the level of autophosphorylation of CK2/ by
CK2a and CK2a'. The three inhibitors induce apoptosis in
HelLa, Jurkat, and HL-60 cells'>'*'”*” ostensibly by preventin%
CK2 function to promote cell survival over apoptosis.”>*>

However, both TBBz and DMAT, but not TBB, were potent
inducers of apoptosis in cells expressing an inhibitor-resistant
CK2. Furthermore, in cells expressing wild-type CK2, both
TBBz and DMAT are more potent inducers of apoptosis than
TBB.'%!*1737 On this basis, interactions of TBBz and DMAT
with molecule(s) other than CK2 appear to contribute to their
induction of apoptosis. Through a proteomics screen, NQO2
was identified as a target of TBBz and DMAT, but not TBB. In
the study presented here, we have shown that both TBBz and
DMAT bind to and inhibit NQO2 at nanomolar concen-
trations, whereas the interaction between NQO2 and TBB is
much weaker. The interactions of TBB, TBBz, and DMAT with
NQO?2 therefore correlate with their apoptotic effects in cells
transformed with inhibitor-resistant CK2.'” Because several
other kinase inhibitors also bind NQO2,***%*74 we sought to
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Figure S. Binding of TBBz and DMAT to oxidized and reduced
NQO?2. Complexes between oxidized NQO2 and TBBz or DMAT
(A—D) show the inhibitors are sandwiched between the isoalloxazine
ring of FAD (yellow) and F178 (above the plane of the inhibitor). (A)
In one orientation, TBBz makes two halogen bonds and a 7-hydrogen
bond to N161, G174, and W10S, respectively. (B) In its second
orientation, TBBz is rotated 60° to make three halogen bonds with
N161, G174, and W105. (C) DMAT makes two halogen bonds to
N161 and G174 in one orientation, but the presence of the
dimethylamine group hinders the imidazole nitrogen from 7-hydrogen
bonding with W10S. (D) In the second orientation, DMAT makes
three halogen bonds with N161, G174, and W105, similar to what was
observed for TBBz. In the structure of reduced NQO2 (E and F),
DMAT occupies a more peripheral position, makes fewer z-stacking
interaction with FAD, no longer contacts F178, and instead makes
somewhat stronger hydrophobic contact with F126. (E) In one
orientation of DMAT, bromine 6 makes a halogen bond to a water
molecule, which is in turn bonded to N161, while bromine 5 makes a
halogen bond to W105. (F) In the second orientation with reduced
NQO2, DMAT is rotated 60° and the same halogen bonds are
mediated by bromines 4 and 5. The electron density maps represent
the F, — F, (green mesh) and anomalous (magenta mesh) differences
calculated after simulated annealing with the inhibitors omitted from
the structure; all electron density maps were contoured at 3¢ around
the inhibitors. In all three structures, the inhibitor binding orientations
are the same for both subunits (the A and B chains) of the NQO2
dimer that constitutes the asymmetric unit of the crystal.

understand the structural basis for the interaction between
NQO2 and TBBz or DMAT. In particular, we wanted to
determine how similar the active site of NQO2 was to the ATP
binding site of CK2 and other kinases.

While TBB, TBBz, and DMAT all bind CK2 with nanomolar
affinity'"'"**! (Table 1), the affinity of TBB for oxidized NQO2
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Table 5. Conformational Changes in the Isoalloxazine Ring
upon Reduction

NQO2 inhibitor subunit NS—N10 bend”
oxidized TBBz A 1.81 + 0.06
B 2.44 + 0.04
average 2.13
DMAT A 2.74 £ 0.01
B 2.39 + 0.06
average 2.57
reduced DMAT A 295 £ 0.11
B 5.37 £ 0.23
average 4.16

“Both oxidized and reduced structures were subjected to three
separate rounds of simulated annealing refinement in the absence of
planar restraints for the N5—N10 axis and angle restraints for the
C4X—NS5—C5X/C10—N10—C9A angles. The butterfly bend along the
NS—NI10 axis was calculated using the atomic positions of the
dimethylbenzene and pyrimidine “wings” and principle component
analysis to find the angle between the two best-fit planes.

is 3 orders of magnitude lower than that of TBBz and DMAT
(Table 1). Similarly, the IC, values of TBB, TBBz, and DMAT
for inhibition of NQO2 are dramatically different (Table 1),
with TBB exhibiting much weaker inhibition of NQO?2,
consistent with its relatively low binding affinity. The difference
in binding affinities between TBB and TBBz/DMAT can be
explained by the charge of the inhibitors (Figure 1). The
triazole function of TBB has an estimated pK, of 5 and is
expected to be anionic at physiological pH, whereas the
imidazole functions of TBBz and DMAT have pK, values of
approximately 9 and will therefore be neutral at physiological
pH.>” In CK2, the negatively charged triazole portion of TBB
interacts with a region of positive electrostatic potential (Figure
6A,B).* In the case of oxidized NQO2, the surface of the
active site has a negative electrostatic potential that precludes
high-affinity interactions with anionic TBB (Figure 6C). Thus,
differences in the electrostatic potential of the active sites of
NQO2 and CK2 explain why TBB binds with a relatively low
affinity to the NQO2 active site.

DMAT and TBBz bind with a similar high affinity to oxidized
NQO?2, and our structural analysis shows that they bind in a
similar manner, stacking on top of the isoalloxazine ring of FAD
with the bromine atoms making halogen bonds to nearby
carbonyl groups as well as the indole side chain of W105
(Figure S). Both TBBz and DMAT bind in two orientations.
For TBBz, the preferred orientation is one in which two
bromine atoms and one of the imidazole nitrogens make bonds
with two carbonyl groups and W10S, respectively (Figure SA).
The small difference in affinity between TBBz and DMAT is
likely due to the inability of DMAT to fully adopt the preferred
conformation (Figure SA) because of a steric clash between its
dimethylamine function and the indole side chain of W10S
(Figure SC). Structures of CK2 in complex with TBBz and
DMAT show that the two inhibitors bind to the CK2 active site
in an identical manner (PDB entries 1ZOE and 20XY,
respectively).*”** In CK2, the two drugs are sandwiched
between hydrophobic residues and two of the bromine atoms
make halogen bonds with backbone carbonyl groups of E114
and V116 (Figure 6B). In the case of CK2, DMAT binds with
10-fold greater affinity than TBBz because of additional
favorable interactions mediated by the dimethylamine group.
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Figure 6. Binding of DMAT to CK2, oxidized NQO?2, and reduced NQO2. (A) The molecular surface of the CK2 active site is shown with bound
DMAT (PDB entry 1ZOE)* and colored according to electrostatic potential. (B) Details of interactions between DMAT (orange carbons) and the
CK2 active site. Note that TBBz (not displayed) binds in exactly the same manner as DMAT.* The position of CK2-bound TBB (green carbons,
PDB entry 1J91)% is also shown: the negative charge of the triazole moiety (Figure 1) causes a shift toward a more positively charged region in the
CK2 active site.”* (C) Molecular surface of the active site in oxidized NQO2 with bound DMAT in two orientations. (D) Details of the binding of
DMAT to oxidized NQO?2. (E) Molecular surface of reduced NQO2 with bound DMAT in two orientations, including three water molecules (cyan)
that are present in the reduced, but not the oxidized, structure. (F) Details of the binding of DMAT to reduced NQO2. Electrostatic potentials were
calculated using APBS,* and partial charges were calculated using PDB entry 2PQR.®* In the case of oxidized FAD, the sum of the partial charges in
the isoalloxazine ring yielded an overall charge of —0.2; for reduced FAD, an additional full charge was added and distributed roughly evenly between
the N1 and O2 atoms. The figures were made in PyMol (version 1.7.0.5, Schrédinger, LLC), and the color limits for the electrostatic surfaces were
set to —12 kT (red) to 12 kT (blue) for all three structures.

In summary, the NQO2 active site appears to mimic the electrostatic potential in the two active sites, indicate that the
adenine binding site of CK2 in the sense that it provides a binding of TBBz and DMAT to NQO?2 is adventitious and on
hydrophobic crevice that can accommodate planar aromatic the whole the NQO2 active site is not a good mimic of the
molecules, and there are two carbonyl groups that are well- CK2 active site.
placed to mediate charge interactions with the bromine atoms Another major difference between the active sites of NQO2
of these inhibitors in a manner similar to that observed in CK2. and CK2 is that the NQO2 active site can exist in either an
On the other hand, NQO2 provides an environment that oxidized or reduced form. The origin of the change in oxidation
allows both TBBz and DMAT to bind in alternate orientations, state is the isoalloxazine ring of FAD: upon interaction with a
whereas binding to CK2 is limited to a single orientation. reduced nicotinamide coenzyme (NRH or SCDP), two
Furthermore, the presence of the dimethylamine group on electrons are transferred onto the isoalloxazine ring of FAD.*
DMAT favors binding to CK2 but disfavors binding to NQO2. Upon reduction, the NS atom is protonated and its orbital
These observations, in addition to the striking differences in the changes from planar sp to trigonal pyramidal sp* hybridization.

55 dx.doi.org/10.1021/bi500959t | Biochemistry 2015, 54, 47—59



Biochemistry

These changes allow it to donate a hydrogen bond, and the
change in orbital hybridization also disrupts the planarity of the
isoalloxazine ring, leading to a small butterfly bend. Thus,
reduction of FAD leads to a relatively minor structural change
in the isoalloxazine ring but more importantly imparts a
negative charge that will be largely centered around N1 and O2
of the isoalloxazine ring. Our crystallographic study indicates
that reduction of the isoalloxazine ring completely changes the
mode of binding of DMAT: it binds in a more peripheral
location, and the interactions of the bromine atoms with the
carbonyl groups are mediated through intervening water
molecules.

Compounds that bind with high affinity to only one form of
NQO?2, either oxidized or reduced, exhibit predictable effects
on the steady-state kinetics of the system. Thus, TBBz binds
with high affinity to oxidized NQO2 and competes with SCDP,
resulting in significant changes in the apparent Michaelis
constant for SCDP; furthermore, the inhibition constant against
SCDP is close to its dissociation constant, as expected. This
does not mean that TBBz completely fails to bind to reduced
NQO?2; in fact, given the similarity between TBBz and DMAT,
it is likely that TBBz binds to the reduced form of NQO2 in a
manner similar to that observed for DMAT. However, because
the affinity of the interaction between TBBz and reduced
NQO?2 is relatively weak compared to binding of TBBz to
oxidized NQO2, the inhibition observed in the steady-state
kinetic analysis is due almost entirely to its binding to oxidized
NQO?2, and therefore, TBBz has little impact on the Michaelis
constant for menadione.

The situation appears to be more complicated for an
inhibitor such as DMAT that binds with similar affinities to
both oxidized and reduced NQO2. The lower affinity of
DMAT for oxidized NQO2 made the interaction between
DMAT and reduced NQO2 apparent in our steady-state kinetic
analysis, where the presence of DMAT had a significant effect
on the Michaelis constants for both SCDP and menadione. In
this case, changes in both Michaelis constants were used to
calculate inhibition constants (K; values) of 121 nM against
SCDP and 302 nM against menadione, both of which are
significantly higher than the dissociation constant (36 nM) for
binding of DMAT to oxidized NQO?2. This is a confusing result
because the inhibition constant is expected to represent a
dissociation constant for the inhibitor. The relatively high K;
values for DMAT are in line with the high ICy, for DMAT,
which is 6-fold higher than the ICs, for TBBz, despite the fact
that DMAT binds to oxidized NQO2 with a Ky, that is only
twice as high as that of TBBz. It seems as though the ability of
DMAT to bind with similar affinities to both the oxidized and
reduced forms of NQO?2 actually weakens its ability to inhibit
NQO2-mediated catalysis. Although we can only speculate
about the molecular origins of this effect, it highlights the
complicated nature of NQO2 and the fact that binding
interactions may have unpredictable effects on catalysis and,
by extension, in vivo function.

Inhibition of NQO2 by Other Kinase Inhibitors.
Interestingly, NQO?2 was also found to be the only non-kinase
target of two Abl kinase inhibitors as well as protein kinase C
bisindolylmaleimide inhibitors.2**>%’ Specifically, the cancer
wonder drug imatinib and its second-generation derivative,
nilotinib, were found to bind and inhibit NQO?2. Structural
investigation showed that rings A and B of imatinib that occupy
the ATP binding site of the Abelson kinase were also found to
occupy the active site of NQO2.>* While imatinib does not
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inhibit CK2* and CK2 inhibitors do not inhibit the BCR-ABL
kinase,"® both were found to interact with the non-kinase target
NQO2.!”*> Therefore, there are several classes of kinase
inhibitors that bind NQO?2 fortuitously, and the specific cellular
effects of these kinase inhibitors may be due in part to their
interaction with NQO2.

One of the cellular functions of NQO2 may be the
detoxification of quinones by two-electron reduction; however,
the natural substrates have not been identified, and it is not
obvious why NQO2 would have evolved a preference for NRH
over NAD(P)H to fulfill a detoxification function. A second
possible function for NQO2 may involve cellular signaling in
response to changes in metabolic and/or redox status. In
particular, NQO2 was shown to stabilize pS3 from 20S
proteasomal degradation in the presence of NRH.***' While
the canonical degradation pathway of pS3 is ubiquitin-
dependent and uses the 26S proteasome, degradation by the
20S proteasome is ubiquitin-independent and is modulated by
quinone reductase 1 (NQO1) and NQO2.2**"* Interestingly,
NQOI, the “sister enzyme” of NQO2, uses NAD(P)H as a
coenzyme and is specific for a different set of inhibitors. Given
their difference in coenzyme specificity, NQO1 and NQO2
may be regulating pS3 stability in response to changes in the
cellular redox state, as reflected in the levels of NAD(P)H and
NRH, but this remains a matter of speculation. Strikingly,
numerous NQO2 inhibitors such as melatonin, resveratrol,
chloroquine, imatinib, 9-aminoacridine, and quinacrine have
been shown to induce p53-dependent apoptosis.*’ ' Melato-
nin and resveratrol both induce p53 phosphorylation at serine
15, which is essential to the transactivation of pS3-induced
apoptotic genes;*”*° chloroquine, 9-aminoacridine, and quina-
crine, on the other hand, increase pS53 levels without
phosphorylation at serine 15, which is thought to lead to
transcription-independent apoptosis modulated by p33.#*°"*
The fact that NQO2 binds all of these bioactive compounds is
remarkable, but a contribution from NQO2 to the cellular
effects of these compounds has yet to be demonstrated.

The cellular roles of NQO2 are still very much a matter of
debate. In this regard, the cellular effects of two high-affinity
(nanomolar) inhibitors of NQO2 have been investigated.
S29434 was developed by the French pharmaceutical company
Servier as a compound that inhibits the third melatonin binding
site (MT3), which is NQO?2, without inhibition of the two
other melatonin binding sites, both of which are G-protein-
coupled receptors.*>>* $29434 prevents generation of reactive
oxygen species in vitro and in vivo, and it prevents paraquat-
induced toxicity to cell lines in a ROS-dependent manner.*>*°
Similarly, NQO2 knockout mice were resistant to menadione-
induced toxicity,”” which likely occurs through oxidative stress
resulting from NQO2-mediated metabolism of menadione.
Therefore, inhibitors of NQO2 can prevent cell death caused
by compounds that are toxic when they are metabolized by
NQO?2; however, inhibition of NQO2 appears to have little
effect on cells in the absence of these toxic compounds.

A second series of inhibitors, based on an imidazoacridin-6-
one core, was identified through a computational screen of the
National Cancer Institute chemical database.”® The compound
that was initially identified (C1311 or NSC645809) is a known
DNA intercalating agent and an inhibitor of FLT3 kinase.>”
This compound, as well as related imidazoacridin-6-ones,
inhibits NQO2 in the nanomolar range and is cytotoxic to cells.
N-Oxide derivatives of the imidazoacridin-6-one compounds
that retained nanomolar affinity for NQO2 but had reduced
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DNA intercalating properties were developed.>® Surprisingly,
the presence of the N-oxide modification also decreased
cytotoxicity by 10—20-fold in a variety of cell lines. As such,
it appears that the apoptotic effects of this class of inhibitors are
due largely to their ability to intercalate DNA. It was also
noteworthy that the seven breast cancer cell lines tested in the
study exhibited up to 50-fold differences in NQO?2 activity but
virtually no difference in their sensitivity to the imidazoacridin-
6-one inhibitors.’® The N-oxide derivatives of the imidazoacri-
din-6-one compounds were much less toxic than the parent
compounds but still had toxicity ICy, values in the low
micromolar range; this toxicity was probably not due to
inhibition of NQO2, because the ICy, values for NQO2
inhibition were typically 2—3 orders of magnitude lower than
the toxicity ICy, values. That is, for N-oxide derivatives of the
imidazoacridin-6-one compounds, concentrations that would
completely inhibit NQO2 do not appear to be cytotoxic.

From the studies with $29434 and the N-oxide derivatives of
imidazoacridin-6-one compounds, it appears that inhibition of
NQO?2 is not cytotoxic; similarly, NQO2 knockout mice were
almost identical to wild-type littermates, although there were
some differences, including myeloid hyperplasia due to a
decreased level of apoptosis of myeloid cells.”” The NQO2-
knockout mice were also more susceptible to benzopyrene-
induced carcinogenesis, and the absence of NQO?2 prevented
TNFa-induced apoptosis in an NFkB-dependent manner.®”®!
In summary, it appears that, on its own, inhibition of NQO2 or
genetic knockout is not toxic to cells. Instead, it may be that
inhibition or removal of NQO2 in conjunction with other
“inputs”—metabolic or oxidative stress, drug-mediated changes
in the activity of kinases, DNA damage, and so on—Ileads to
more pronounced toxicity and/or other cellular effects.

Because kinase inhibitors are designed to be kinase specific,
the fact that a number of efficacious inhibitors bind NQO2 with
high affinity challenges the “single-target” approach in drug
discovery. It may be that binding of both NQO2 and kinases is
important for the cellular effects of the inhibitors, including
enhanced apoptosis of transformed cells. As CK2 and other
kinase inhibitors continue to be developed and used as
therapeutics, it will be crucial to characterize off-target
interactions with NQO2 and possibly other non-kinase targets
to fully understand the cellular effects of these compounds and
the roles of the individual targets in these effects.
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phosphorylated and -regulated kinase; HIPK, homeodomain
interacting protein kinase; NQO2, quinone reductase 2; NRH,
dihydronicotinamide riboside; PIM, provirus integration site for
Moloney murine leukemia virus; $29434, N-[2-(2-methoxy-6H-

57

dipyrido{2,3-a:3,2-¢}pyrrolizin-11-yl)ethyl]-2-furamide; SCDP,
1-(3-sulfonatopropyl)-3-carbamoyl-1,4-dihydropyrimidine;
TBB, 4,5,6,7-tetrabromobenzotriazole; TBBz, 4,5,6,7-1H-tetra-
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