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(Bacl(ground: The flavoenzyme quinone reductase 2 (NQO?2) has an unknown cellular function and binds many drugs and

Results: Reduction of FAD and binding of chloroquine cause a change in NQO2 conformation.
Conclusion: NQO?2 functions as a chloroquine-dependent flavin redox switch.
Significance: A flavin redox switch function of NQO2 could explain off-target effects of chloroquine and other bioactive
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Quinone reductase 2 (NQO?2) is an FAD-linked enzyme and
the only known human target of two antimalarial drugs, prima-
quine (PQ) and chloroquine (CQ). The structural differences
between oxidized and reduced NQO2 and the structural basis
for inhibition by PQ and CQ were investigated by x-ray crystal-
lography. Structures of oxidized NQO?2 in complex with PQ and
CQ were solved at 1.4 A resolution. CQ binds preferentially to
reduced NQOZ2, and upon reduction of NQO2-CQ crystals, the
space group changed from P2,2,2, to P2,, with 1-A decreases in
all three unit cell dimensions. The change in crystal packing
originated in the negative charge and 4 —5° bend in the reduced
isoalloxazine ring of FAD, which resulted in a new mode of CQ
binding and closure of a flexible loop (Phe'?®~Leu’3®) over the
active site. This first structure of a reduced quinone reductase
shows that reduction of the FAD cofactor and binding of a spe-
cific inhibitor lead to global changes in NQO2 structure and is
consistent with a functional role for NQO2 as a flavin redox
switch.

Despite 6 decades of routine use in treating malaria, the phar-
macologic mechanisms of primaquine (PQ)? and chloroquine
(CQ) are not completely understood, although it is known that
the two antimalarial drugs work at different stages of the Plas-
modium life cycle. Malaria begins when Plasmodium sporozo-
ites gain entry to the bloodstream via a bite from an infected
mosquito, after which the parasite infects liver cells. During this
liver stage infection, the 8-aminoquinoline, PQ (Fig. 1), actsas a
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hepatic schizontocide to clear infection (1). If left untreated, the
parasites mature into merozoites and are released into the
bloodstream to infect erythrocytes. In erythrocytes, the para-
sites either spawn into more merozoites or mature into game-
tocytes capable of infecting mosquitoes through additional
bites. During the erythrocytic stage of infection, the 4-amino-
quinoline, CQ (Fig. 1), acts as a blood schizontocide to clear
infection (2). As such, PQ and CQ are routine medications for
treating malaria. In recent years, however, the emergence of
chloroquine-resistant Plasmodium falciparum has rendered
CQ ineffective in most endemic areas. PQ, on the other hand, is
still widely used as a prophylaxis of malaria because parasites
rarely exhibit resistance against this drug.

In terms of therapeutic mechanisms, PQ is thought to work
by generating toxic oxygen species via its reactive metabolites
(3). CQ, on the other hand, is thought to prevent a detoxifica-
tion of excess heme in the parasite, which is generated as a
result of its metabolism of hemoglobin (3). Despite these find-
ings, no protein target has been identified for either drug in the
parasite, causing some controversy about the mode of action of
the two drugs (4, 5). This led Graves et al. (6) to search for target
proteins of CQ and PQ using a proteomics approach. Surpris-
ingly, no parasitic protein targets were identified; instead, two
human proteins present in infected erythrocytes, quinone
reductase 2 (NQO?2) and aldehyde dehydrogenase 1, were iden-
tified. Of the two proteins, NQO2 was potently inhibited by
concentrations of the quinoline drugs used in clinical treat-
ment, whereas aldehyde dehydrogenase 1 was not. It is not
known whether the inhibition of NQO2 by PQ and/or CQ plays
arole in the antimalarial effects of the drugs.

The identification of NQO2 as a human target of PQ and CQ
is intriguing because both drugs are used to treat non-malarial
diseases. For instance, PQ is used to treat pneumocystis pneu-
monia and is active against leishmaniasis and trypanosomiasis
invivo (7-9). Similarly, CQ is used to treat rheumatoid arthritis,
lupus erthosyma, and amoebic hepatitis; is under clinical trials
for use in HIV-1/AIDS; and is being investigated for use in
cancer chemotherapy (10-12). Thus, the inhibition of NQO2
may contribute to the therapeutic effects of PQ and CQ against
diseases other than malaria.
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FIGURE 1. Structures of primaquine and chloroquine. Primaquine (top) and
chloroquine (bottom) are two antimalarial drugs that act at different stages of
the Plasmodium life cycle.

NQO?2 is a cytosolic and ubiquitously expressed metallofla-
voprotein that catalyzes the two-electron reduction of quinone
substrates. It has been the subject of extensive study over the
last 15 years and binds a number of bioactive compounds,
including imatinib (13, 14), inhibitors against CKII and PKC
(15, 16), resveratrol (17), and melatonin (18, 19); however, the
only natural substrate identified is ubiquinone, and the physio-
logical function of NQO2 is not understood (20). NQO2 is a
member of the thioredoxin family of enzymes but is unique in
that it uses dihydronicotinamide riboside (NRH) as a reducing
coenzyme rather than NADH or NADPH. The oxidized form of
the co-enzyme, nicotinamide riboside, is involved in NAD
metabolism (21), but the cellular source of the reduced form,
NRH, is not known, and it is not clear why NQO2 has evolved to
use NRH. In addition to an enzymatic role in quinone reduc-
tion, NQO?2 stabilizes the p53 tumor suppressor against 20S
proteasomal degradation in the presence of NRH (22, 23). Fur-
thermore, NQO?2 is capable of generating reactive oxygen spe-
cies (24). Yet the current understanding of NQO2 and its inhi-
bition does not adequately explain the effects of PQ and CQ on
malaria and non-malarial diseases.

PQ and CQ inhibit NQO2 with different mechanisms.
Kinetic studies show that PQ and CQ both inhibit NQO2 in the
micromolar range, with K values of 1.0 and 0.6 umM, respectively
(25), but PQ exhibits competitive inhibition against the reduc-
ing co-factor (NRH), whereas CQ competes with the quinone
substrate. This pattern of inhibition can be explained by the
ping-pong kinetic mechanism that NQO2 uses. The tightly
bound FAD co-enzyme is first reduced by NRH to FADH,;
nicotinamide riboside is replaced by the quinone substrate,
which is then reduced by FADH,,. As such, NQO2 can exist as
either the oxidized (NQO2,,) or reduced (NQO2,.,) form, and
inhibitors may have a higher affinity for one or the other.

To provide a structural basis for the difference in specificity
between PQ and CQ, we solved high resolution crystal struc-
tures of NQO2,_, in complex with either PQ or CQ as well as
NQO2,., in complex with CQ. The NQO2, 4-CQ complex is
particularly interesting because CQ is present in a completely
different orientation compared with the NQO2__-CQ complex,
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and this difference in binding is accompanied by movement of
an active site loop, a change in crystal packing, and a change in
space group symmetry. The structure of the NQO2 .,-CQ
complex provides support for the idea that, in common with
some other flavin-containing proteins (26), NQO2 acts as a
redox-sensitive “switch” that is responsive to the presence of
cellular NRH in conjunction with binding of certain bioactive
compounds.

MATERIALS AND METHODS

Protein Expression and Purification—Recombinant NQO2
was expressed in Escherichia coli and purified as described pre-
viously (27). A critical step in the purification was full reconsti-
tution of the enzyme with the FAD cofactor. When expressed in
E. coli, recombinant NQO?2 typically contains substoichiomet-
ric levels of flavin mononucleotide (FMN) and no FAD. A par-
tial denaturation of NQO2 and reconstitution with FAD was
incorporated into the purification procedure, leading to full sat-
uration of the enzyme with FAD, as reported previously (27).

Crystallization of NQO2—NQO2,_, was co-crystallized with
1 mm PQ or CQ by hanging drop vapor diffusion against reser-
voirs containing 0.1 M HEPES, pH 7.5, and 1.3-2.0 M
(NH,),SO,. To prepare NQO2 .,-CQ crystals, crystals of
NQO2-CQ were soaked in 1 ul of reducing-soak solution con-
sisting of 0.1 m HEPES, pH 7.5, 2.0 m (NH,),SO,, 10 mm 1-(3-
sulfonatopropyl)-3-carbamoyl-1,4-dihydropyrimidine (SCDP;
an NRH analog), and 1 mm chloroquine, for 2 min; the soak was
repeated until crystals turned pale yellow. Whereas larger rod-
shaped crystals (0.5 mm X 0.2 mm) cracked when introduced
into the reducing soak, medium size crystals (0.3 mm X 0.1
mm) remained intact. The reduced crystals were transferred to
a soak of 1 mm chloroquine, 2.0 M (NH,),SO,, 0.1 M Hepes, pH
7.5, to decrease the of the amount of SCDP, which may be
competitive with CQ at high concentrations. Crystals were then
briefly passed through a cryoprotectant solution (20% glycerol,
2.0 M (NH,),SO,, 0.1 M Hepes, pH 7.5) and plunged into liquid
nitrogen. To prevent autoxidation of NQOZ2, the entire crystal
mounting process from harvesting to cryocooling was per-
formed under an anoxic atmosphere in a glove bag purged with
N,. To prepare for the reduction protocol, the glove bag was
initially evacuated and flushed with nitrogen for 5 min. All
soaking solutions were then deoxygenated by sparging with
nitrogen gas inside the glove bag. In the dry nitrogen atmo-
sphere, crystals and crystal soak solutions quickly evaporated;
therefore, to maintain an appropriate level of humidity, the
nitrogen used to flush the glove bag was bubbled through a flask
of crystallization reservoir solution (0.1 M HEPES, pH 7.5, 2.0 M
(NH,),SO,).

X-ray Data Collection, Refinement, and Analysis—Data were
collected at the CMCE-1 beamline of the Canadian Light
Source, processed using XDS (28) or MOSFLM (29), and
merged using Scala (30). The structures were solved by molec-
ular replacement with Protein Data Bank entry 1QR2 as a start-
ing model (31); refinement was carried out using PHENIX (32).
Given the high resolution of the crystallographic data, NCS
restraints were not used for any of the refinements.

Topology files for PQ and CQ were generated using
PHENIX.ELBOW in conjunction with small molecule crystal
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TABLE 1
Crystallographic data collection and refinement statistics
Oxidized NQO?2 crystal
Primaquine ligand Chloroquine ligand Reduced NQO?2 crystal (chloroquine ligand)
Wavelength (A) 1.033217 1.033217 0.97949
Space group . P2,2,2, P2,2,2, P2,
Unit cell dimensions (A) 56.5, 83.0, 106.5 56.37, 83.11, 106.6 54.31,105.71, 82.00 B = 90.17°
Resolution 30.1-1.35 32.7-1.40 48.3-1.20
Ryt 0.066 (0.63) 0.065 (0.50) 0.041 (0.288)
I/a(D)* 10.4 (2.4) 14.5 (3.7) 19.3 (4.4)
Completeness” 99.5 (98.8) 99.6 (99.0) 99.8 (99.9)
Redundancy 4.8 7.3 3.7
Unique reflections 110,793 98,537 287,298
Ry Riyee 0.1413/0.1666 0.1325/0.1745 0.1059/0.1362
Ramachandran plot” (%)
Most favored 90.7 89.9 89.9
Additionally allowed 8.8 9.5 9.6
Generously allowed 0.5 0.5 0.4
Disallowed 0 0 0.1
Root mean square deviations
Bond lengths (A) 0.008 0.007 0.009
Bond angles (degrees) 1.255 1.223 1.174
Dihedral angles (degrees) 14.594 14.471 14.188
Mean atomic displacement parameter values (A?)
Protein
All atoms 12.815 18.083 12.691
Main chain 11.659 16.253 11.336
Side chain 13.790 19.642 13.829
Solvent 24.975 28.55 25.312
FAD 12.315 17.265 11.447
Inhibitor 17.453 26.280 22.062

“Values in parentheses refer to the highest resolution shell.
» Ramachandran plot statistics were calculated using PROCHECK (53).

structures of the two compounds (33, 34). For refinement of the
NQO2,., structure, the FAD topology file was modified to
allow bending along the N5-N10 axis of FAD: the planarity
restraints incorporating N5 and N10 of the isoalloxazine ring
were removed so that it was separated into two planes, one
incorporating the pyrimidine ring and the second incorpo-
rating the benzyl ring. Also, the bond length, bond angle, and
dihedral angle restraints involving N5 and N10 were
removed. The degree of bending in the isoalloxazine ring was
calculated by finding equations for the two planes using
principal component analysis incorporating all atoms in each
of the two planes. The final structures for NQO2_-PQ,
NQO2,, -CQ, and NQO2,.,-CQ were deposited in the Protein
Data Bank as 4FG]J, 4FGK, and 4FGL respectively.

To validate the observed changes in FAD structure and, in
particular, to assess the contribution of the FAD and FADH,
stereochemical restraint files to the structure of the isoalloxa-
zine ring, each model was refined using an identical simulated
annealing strategy with the FADH, stereochemical restraint file
to assess the degree of bending along the N5-N10 axis. In each
case, the refinement was performed three times using the same
starting model with a different random seed to calculate a final
average bending angle. To ensure an “active” convergence to an
optimal conformation, FAD in the starting model of NQO2 was
bent to an angle of ~30°.

RESULTS

Oxidized NQO2-Primaquine Complex—NQO2 was co-crys-
tallized with PQ in space group P2,2,2,. Crystals of NQO2-PQ
diffracted to 1.35 A and contained a homodimer in the asym-
metric unit; the structure was solved by molecular replacement
and refined to an Ry, value of 0.167 (Table 1). Primaquine was
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initially modeled in a single orientation in both active sites of
the homodimer (Fig. 2a), and after several rounds of refine-
ment, a second orientation was incorporated to fully account
for the electron density (Fig. 2b). The occupancies for bound
PQ molecules refined to values of ~0.5 for each of the confor-
mations, indicating that PQ binds with roughly equal affinity in
each mode. In both orientations, the quinoline ring of PQ is
buried in the active site, making planar stacking interactions
with the FAD isoalloxazine ring and the phenyl ring of Phe'”®,
PQ also makes contact with additional aromatic residues
(Trp'©®, Phe'°®, and Phe'?®), which form the interior wall of the
active site. As well, both orientations of PQ make a water-me-
diated hydrogen bond with the side chain of Asn'®*. In the first
orientation of PQ (Fig. 2a), a water molecule (position 557 in A
chain and 450 in B chain) mediates hydrogen bonding between
the aromatic nitrogen in the quinoline ring and the side chain of
Asn'®!, In the alternate orientation (Fig. 2b), the quinoline ring
is flipped 180°, and the water molecule mediates a hydrogen
bond between the 6-methoxy group of PQ and the side chain of
Asn'®!,

Oxidized NQO2-Chloroquine Complex—NQO2 catalysis
proceeds by a ping-pong mechanism. The reducing co-factor,
NRH, binds in the active site, reduces the FAD, and then disso-
ciates; the quinone substrate then enters the active site and
undergoes a two-electron reduction. Thus, NQO2 can exist in
either an oxidized (NQO2,,) or reduced (NQO?2,.,) state, and
inhibitors of NOQ2 will exhibit a preference for one or the
other. Kinetic studies indicate that CQ exhibits competitive
inhibition against the quinone substrate and therefore binds
preferentially to NQO2,.4 (25). However, high concentrations
of CQ will also compete against the reducing co-enzyme, NRH,
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FIGURE 2. Binding of primaquine and chloroquine to oxidized NQO2.
a-d, stereodiagrams illustrating the binding of PQ and CQ to NQO2,,. The
electron density represents the final 2F, — F_ maps contoured at 10 around
the inhibitors. a and b show PQ bound to the A subunit in two alternate
conformations. The B subunit of the NQO2,,-PQ homodimer contained sim-
ilar electron density and was modeled in the same way as the A subunit.cand
d show the active sites for the NQO2_-CQ structure. Electron density in the
NQO2,,-CQ subunit A (c) was different from that observed in the B subunit (d),
and CQ was modeled in two alternate conformations in the B subunit. E, the
two positions of CQ in the B subunit correspond to two different conforma-
tions of the active site loop, comprising residues 126 -136. The active site loop
in the “open” conformation (light shading) accommodates CQ when it is
deeply buried in the active site, whereas the “closed” conformation (dark
shading) is adopted when CQ is bound in a more peripheral location. One-
letter amino acid codes are used.
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TABLE 2
Space group change upon reduction of NQO2-chloroquine crystals
Crystal 1 (1.24 A Crystal 2 (1.35 A Crystal 3*? (1.15 A

resolution) resolution) resolution)
P2,2,2°¢ P2° P222° DP2° P2,2,2¢ P2
Unit cell
a 53.75 53.67 53.90 53.68 54.24 54.29
b 81.68 105.61 81.84 105.56  82.02 105.71
c 105.67 81.68 105.66 81.66 105.71 82.01
B 90 90.14 90 90.35 90 90.16
R 0.171 0.070  0.327 0.061 0.347 0.061

sym

“ Crystals of NQO2,, in complex with chloroquine were soaked with SCDP, an
NRH analogue, to effect reduction of the FAD cofactor.

b Crystal 3 was used for structure solution, refinement, and detailed analysis.

¢ Data were indexed, processed, and merged in either the P2,2,2, or P2, space
group using Mosflm and Scala.

indicating that CQ also has affinity with NQO2__. To fully char-
acterize CQ binding to NQO2, we co-crystallized NQO2,_, in
complex with CQ. CQ-NQO2,, crystals diffracted to 1.4 A, and
the structure was refined to an R, of 0.175 (Table 1).

Electron density for the bound CQ was initially quite poor,
but a large peak (greater than 100) in the difference (F, — F,)
electron density map was used to position the CQ chlorine
atom, after which the rest of the CQ molecule was placed in
the remaining electron density. For the “A” subunit of the
homodimer, CQ is present in one position, with the quinoline
ring less deeply buried than primaquine and the aminopentane
arm projecting toward the solvent (Fig. 2¢). In the active site of
the “B” subunit, additional difference density was observed
after several rounds of manual adjustment and refinement, and
an alternate orientation of CQ was modeled into the structure
(Fig. 2d). The occupancies for the two modes of CQ binding to
the B subunit refined to 0.52 and 0.48. In conjunction with these
two positions for CQ, an active site loop consisting of residues
126 —136 was modeled in two different conformations (Fig. 2e).
In the position of CQ unique to the B subunit, in which the
quinoline ring is more deeply buried in the active site, the bulky
aminopentane arm of CQ interferes with the ability of the 126 —
136 loop to close over the active site, and therefore the loop
adopts an “open” conformation (Fig. 2¢). There is no evidence
of cooperative interactions or nonequivalence between the two
subunits of NQO2, and therefore this minor difference in CQ
binding between the A and B subunits probably originates from
different crystal packing environments.

Reduced NQO2-Chloroquine Complex—The reduced form
of NQO2 (NQO?2,.,) was not sufficiently stable to allow for
co-crystallization with CQ. To obtain crystals of NQO2, .4 in
complex with CQ, crystals of NQO2_ -CQ were treated with
SCDP (an NRH analog) in an anoxic environment until the
crystal was bleached, indicating reduction of FAD to FADH,,
and then frozen and stored in liquid nitrogen for data collec-
tion. Data from three such crystals of NQO2,.,-CQ were col-
lected and processed (Table 2). In all three cases, the crystallo-
graphic data for NQO2,, could be processed using the P2,2,2,;
space group, with unit cell dimensions ~1 A shorter in all three
directions compared with those for NQO2_ -CQ. However,
data processed in P2,2,2, yielded unacceptably high R, val-
ues, making it clear that the crystals had undergone a structural
transition to a lower symmetry space group with four rather
than two protomers in the asymmetric unit. Data processed and
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merged in P2, yielded acceptable R, ,,, values (Table 2), and the
highest resolution data set was used for refinement and analysis
(Table 1). The NQO2 structure underwent several rounds of
manual rebuilding and refinement to yield an R, of 0.17.
Analysis of the crystallographic data indicated the presence of
pseudomerohedral twinning, and further refinement in Phenix
using the twin operator (4, —k, —/) yielded an estimated twin
fraction of 0.15, with a final Ry, value of 0.136 and improved
electron density maps. This is the first structure of a reduced
quinone reductase, and the combined effects of FAD reduction
and chloroquine binding are described below.

Chloroquine Binding to Reduced NQO2—The reduced
isoalloxazine ring is expected to be deprotonated and carry a
negative charge when it is bound to NQO2. In solution, N1 of
FADH, exhibitsa pK, 0of 6.8 (35); when FAD is bound to NQO2,
N1 accepts a hydrogen bond from the amide nitrogen of Gly**?,
making it highly unlikely that N1 is protonated in NQO2,,.
Instead, the negative charge, which would be delocalized
between N1 and O2, is neutralized by two hydrogen bonds
donated to O2, one from the ring hydroxyl of Tyr'*® and a
second from the amide of Gly'*°.

Reduction of FAD drastically changes the nature of its inter-
action with CQ. In NQO2,_,, CQ tends to be rather deeply bur-
ied and able to make direct contact with aromatic residues that
line the back wall of the active site (Fig. 2c), with the chlorine
atom positioned above C5A of the isoalloxazine ring. In the
NQO2,, structure, the quinoline ring of CQ has flipped so that
the opposite face interacts with the surface of reduced FAD,
and the chlorine atom is positioned roughly above O2 on the
periphery of the isoalloxazine ring (Fig. 3, 2 and b). The mode of
CQ binding in NQO2,.4 allows CQ to participate in a water-
mediated hydrogen-bonding network that is centered on the
proton on N5, a characteristic feature of reduced FAD (Fig. 3¢).
The keystone for this network is a water molecule (HOH 32,
312, 204, and 92 in chains A, B, C, and D, respectively) that
accepts hydrogen bonds from the N5 proton of FAD and also
from the proton on N4 of the CQ quinoline ring. The keystone
water donates a hydrogen bond to a second water molecule
(HOH 149, 154, 157, and 63 in chains A, B, C, and D, respec-
tively) that in turn donates hydrogen bonds to O4 of the FAD
and to the carbonyl oxygen of Gly'”*. The relative positions of
these water molecules are conserved in all four subunits of the
asymmetric unit. The geometry of the interaction between the
keystone water and the FAD N5 atom deviates from what
would be expected for a good hydrogen bond; the angle
between CQ-N4, the keystone water, and FAD-N5 is 79 * 1°
(mean * S.D. for four subunits) rather than a more typical angle
of ~110°. In addition to these hydrogen bonds, the aromatic
rings of Trp'®®, Phe'*®, Phe'?®, and Phe'”® enclose the two
water molecules; indeed, the keystone water appears to donate
a hydrogen bond to the indole ring of Trp'°®, whereas the sec-
ond water may donate a hydrogen bond to the benzene ring of
Phe'”® (36).

The 2F, — F, electron density for bound CQ is extremely well
defined in one of the NQO2 dimers (C and D chains) of the
asymmetric unit, and there is clear density for a third water
molecule in the active sites of the CD dimer (Fig. 3b). This third
water molecule donates a hydrogen bond to the second water
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and to the chlorine atom on CQ, and it accepts a hydrogen bond
from the side-chain amide nitrogen of Asn'®'. In the second
dimer (A and B chains) of the asymmetric unit, there was addi-
tional electron density for the bound CQ, and therefore a sec-
ond CQ molecule was included in a slightly different orienta-
tion from the first (Fig. 3a). For the A and B subunits, the third
water molecule was not present. This minor difference in CQ
binding between the two reduced NQO2 dimers in the asym-
metric unit may be a product of their interaction with each
other or may be due to differences in the surrounding crystal
packing environment.

Regarding the stereochemistry of the bound inhibitors, it is
noteworthy that both CQ and PQ have a single stereocenter
and exist as racemic mixtures. For the structures of NQO2,_,
with bound PQ or CQ, the electron density for the aminopen-
tane arm was generally weak, and it was not possible to discern
whether a single enantiomer was selectively bound by the pro-
tein. In the case of NQO2,.,, however, the (R)-CQ enantiomer
was built into the structure, and there was enough electron
density for the aminopentane arm to exclude binding of the
(S)-CQ enantiomer. In this regard, binding of CQ to reduced
NQO2 may be stereoselective for the (R)-enantiomer.

Structural Changes in FAD—Crystals of NQO2__ in complex
with CQ were consistently isomorphous with other oxidized
forms, indicating that the CQ itself is not sufficient for the
observed structural change in crystals of the NQO2, .4-CQ
complex. Instead, the origin of the change in structure is the
reduction of the FAD cofactor. The FAD isoalloxazine ring is
planar, but reduction should lead to a “butterfly bend” along the
N5-N10 axis (37) (Fig. 4). The electron density of the isoallox-
azine ring in NQO2,.4-CQ indicated that the bending upon
reduction is relatively minor. Refinement using a modified ste-
reochemical restraint set for FAD, in which planar restraints
and associated bond and angle restraints around N5 and N10
were removed, indicated an angle of ~4—5° between the two
planes of the “butterfly wings” (Fig. 4).

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 struc-
tures were subjected to simulated annealing refinement against
data from both oxidized and reduced crystals. In the absence of
stereochemical restraints around N5 and N10, the isoalloxazine
ring of NQO2__ in complex with PQ refined to an average bend
of —1.6°% for NQO2_, in complex with CQ, the average bend
was 2.3% whereas for NQO?2,., in complex with CQ, the
bend was 4.8° (Fig. 4c). It is noteworthy that for NQO2__, PQ
brings about a small “upward” bend in the ring, forming a very
slight concave binding surface, whereas with CQ, the isoallox-
azine system bends in the opposite direction, with CQ binding
to a slightly convex surface. Reduction of the FAD further
enhances this bend by ~2-3°. Other notable changes occur
around N5, which moves toward a tetrahedral configuration in
NQO?2,.4 the C4A-N5-C5A bond angle was decreased from
~116-117° in NQO2,,-CQ and NQO2_,-PQ to 112° in
NQO2,.4-CQ (Table 3). In contrast, there was no significant
difference in the C10-N10-C9A angle between the oxidized and
reduced forms. Thus, binding of CQ to NQO2__ appears to
push the isoalloxazine ring toward a slightly bent conformation,
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N

W105

FIGURE 3. Binding of chloroquine to reduced NQO2. g and b, stereodiagrams illustrating the binding of CQ to the NQO2,.4 active sites in the two dimers of
the asymmetric unit; the electron density corresponds to 2F, — F. maps contoured at 10 around CQ. g, the electron density for AB dimer. Shown is the active
site of the A subunit, with CQ bound in two alternate positions, one of which corresponds to the position observed in the Cand D subunits, whereas the second
is shifted slightly. The electron density and positions of bound CQ were similar for the B subunit. b, the electron density and position of bound CQ in the CD
dimer. Shown is the active site of the C subunit; the electron density in the D subunit was similar, and for both subunits, CQ was modeled in the same single

position. ¢, the hydrogen bonding network, with the “keystone water” bridging N4 of CQ and N5 of the FAD isoalloxazine ring. d, the active site loop (residues

126-136) is shown in the fully closed conformation (green) observed in NQO2,.4-CQ; in this state, residue lle

28 makes van der Waals contact with CQ. For

reference, the conformations of the loop observed in crystals of oxidized NQO2 are shown in gray. One-letter amino acid codes are used.

and reduction of FAD to FADH, results in a further increase in
the bend as well as the transition of N5 toward a tetrahedral
configuration.

Conformational Changes in Reduced NQO2-Chloroquine—
The monoclinic crystals of NQO2,.4,-CQ contained four
NQO?2 protomers, two functional dimers, in the asymmetric
unit, rather than the single functional dimer observed in the
asymmetric unit of orthorhombic crystals of NQO2,_,. Thus,
reduction and CQ binding caused a reorientation of the two
dimers, removing the crystallographic symmetry that related
them in orthorhombic crystals of NQO2__ (Fig. 5a).

APRIL 19,2013 +VOLUME 288-NUMBER 16

The active sites in the NQO2 dimer are at the interface of the
two protomers. One of the protomers is largely responsible for
binding FAD, whereas the second protomer contributes ele-
ments that cover the surface of the isoalloxazine ring. One such
element is an irregular loop formed by residues 126 —136 (Fig.
3d). In NQO2,.4-CQ, the loop closes over the active site, with
Ile’*® coming into direct contact with the CQ quinoline ring,
which becomes sandwiched between the side chain of Tle'*® and
the isoalloxazine ring of FAD. This conformation is seen in the
B, C, and D chains of the NQO2,.4-CQ structure, with the loop
in a slightly more open conformation in the A chain.
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FIGURE 4. Structural changes in the FAD isoalloxazine ring. g, chemical
structure and atom designations in the FAD isoalloxazine ring, and the axis for
the “butterfly bend” thatis brought about by reduction of FAD to FADH,. b, an
edge-on view of the structure of the isoalloxazine ring for the following:
NQO2,, with PQ (black), NQO2,, with CQ (red), and NQO2,., with CQ (blue).
¢, binding of PQ induces a slight (—1.6°) concave bend in the isoalloxazine
system, whereas binding of CQ induces a convex bend of ~2.3°. Reduction of
FAD further increases this bend to 4.8°. To determine the bend in the isoallox-
azine rings, the crystal structures were subjected to simulated annealing
without stereochemical restraints at the N5 and N10 positions. FAD bending
along the N5-N10 axis (butterfly bend) was calculated using the atomic posi-
tions of the dimethylbenzene and pyrimidine “wings” and principal compo-
nent analysis to find the angle between the two best fit planes. Error bars, S.D.

The loop movement outlined above, as well as other changes
in the structure that could explain the repacking of the crystal
upon reduction of FAD and binding of CQ, are relatively small
and difficult to distinguish from crystal packing artifacts. To
assess the structural changes that take place upon reduction
and binding of CQ, we made use of the four NQO2 protomers
in the asymmetric unit of NQO2,_,-CQ to eliminate random
changes in atomic positions and find regions that show a con-
certed difference from protomers in crystals of oxidized NQO2.
All of the individual subunits from reduced and oxidized
NQO2-CQ were superimposed, and average CA positions were
calculated for each of the four oxidized protomers (two
protomers from each of the NQO2_.-PQ and NQO2_ -CQ
structures) and the four reduced protomers (contained in the
NQO2,.4-CQ asymmetric unit). Differences in the average CA
positions for the oxidized and reduced protomers were calcu-
lated, plotted, and mapped to the structure (Fig. 5, b and c¢).
There were seven regions where consistent differences between
the oxidized and reduced NQO2 subunits were observed. Two
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of these regions (regions 4 and 5 in Fig. 5) make direct contact
with the bound chloroquine and comprise the 126 —136 active
site loop and an oddly structured connecting loop that includes
N161; three other regions (regions 1, 2, and 3) form a surface
patch that is not in direct contact with either the FAD cofactor
or bound chloroquine; the last two regions (regions 6 and 7) are
at the N- and C-terminal ends, respectively, of a surface-ex-
posed helix comprising residues 196 —212. Region 7 is in direct
contact with the adenosine moiety of FAD but is still far
removed from the active site. In summary, only two of seven
regions that exhibit structural changes between NQO2__ and
NQO2,.4-CQ are in direct contact with CQ and the isoalloxa-
zine ring. On this basis, the combination of reduction and CQ
binding appears to exert a global change in structure, consistent
with the observed reorientation of NQO2 dimers within the
crystal lattice.

DISCUSSION

NQO2 was identified as a human target of both CQ and PQ;
kinetic studies showed that PQ binds preferentially to NQO2_,
whereas chloroquine binds to NQO2,.4 (6, 25). Binding of
inhibitors to NQO2, ., has not been studied, and the goal of the
current work was to understand the structural basis for the
difference in binding specificity. The NQO2,.4-CQ complex is
the first structure of reduced NQO2, and it shows that the
mode of CQ binding to NQO2,_, is completely different from
what is observed for CQ binding to NQO2_ . The ring nitrogen
of 4-aminoquinoline has a pK, 0f 9.2 (38), and therefore CQ will
be protonated and positively charged at physiological pH; in
contrast, the reduced form of the NQO2-bound isoalloxazine
ring will have a negative charge, whereas the oxidized form will
be neutral. The negative charge on the reduced isoalloxazine
ring explains the preference of CQ for NQO?2,., and will con-
tribute to the striking difference in the mode of CQ binding to
NQO2,.4,and NQO2

The difference in CQ binding to NQO2_, and NQO2,_, is
noteworthy but not as surprising and interesting as the effect of
reduction and CQ binding on the overall structure of NQO2.
There are 40 NQO2,_, structures in the Protein Data Bank, most
of which were crystallized as complexes with different inhibi-
tors. 38 were crystallized in the same orthorhombic space
group observed for the NQO2_ -PQ and NQO2_ -CQ com-
plexes; one structure was crystallized in 1422 with a single
protomer in the asymmetric unit; and one structure was crys-
tallized in P1 with two dimers in the asymmetric unit. The mon-
oclinic space group and close packing of the two dimers
observed for NQO2,.,-CQ are therefore unique and arise due
to the reduction of FAD and chloroquine binding rather than
random crystal packing effects. The unexpected conforma-
tional change in NQO2 provides a structural basis for the
proposed role of quinone reductases as flavin redox switches
(39, 40).

Flavin redox switches are FAD- or FMN-containing proteins
in which the oxidation state of the cofactor regulates interac-
tions with other proteins, nucleic acids, or membranes (26).
The oxidation state of the cofactor is coupled to the conforma-
tion of the switch protein through a hydrogen-bonding net-
work that incorporates the N5 atom of the isoalloxazine ring.
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TABLE 3
Conformational changes in the isoalloxazine ring upon reduction
NQO2 Inhibitor Subunit N5-N10 bend™” C4A-N5-C5A angle” C10-N10-C9A angle”
Oxidized Primaquine A —1.56 = 0.01 117.1 = 0.2 120.0 = 0.1
B —1.64 = 0.00 1169 = 0.1 118.6 = 0.1
Average —1.60 117.0 119.3
Chloroquine A 1.69 = 0.00 118.2 0.2 1189 = 0.1
B 294 *0.11 113.8 £ 0.2 116.5 = 0.2
Average 2.32 116.0 117.7
Reduced Chloroquine A 4.61 £ 0.28 1122 0.5 117.6 = 0.3
B 5.24 * 0.05 1121 £ 04 118.8 £ 0.5
C 536 £ 0.19 1123 £ 1.2 116.1 = 0.2
D 3.94 = 0.30 1131 £ 1.1 117.9 £ 0.2
Average 4.79 112.4 117.6

“ Both oxidized and reduced structures were subjected to three separate rounds of simulated annealing refinement in the absence of planar restraints for N5-N10 axis and

angle restraints for the C4A-N5-C5A/C10-N10-C9A angles.

’ The “butterfly” bend along the N5-N10 axis was calculated using the atomic positions of the dimethylbenzene and pyrimidine “wings” and principal component analysis to

find the angle between the two best fit planes.

For example, in the LOV family of light-sensing domains, light-
induced reduction of the flavin involves reaction of a cysteine
thiolate with C4A of the isoalloxazine ring; the ensuing proto-
nation of N5 causes the side chain amide of a conserved gluta-
mine residue to flip, and this change in hydrogen bonding in the
vicinity of N5 is communicated to other parts of the protein (41,
42). In the case of NQO2, reduction of FAD leads to a unique
mode of CQ binding; protonation of the isoalloxazine N5 allows
it to donate a hydrogen bond to the “keystone” water that is held
in place by a second hydrogen bond from CQ. Binding of CQ to
NQO2,., in this fashion stabilizes an active site loop in a
“closed” conformation. Reduction and CQ binding also cause
the isoalloxazine ring of FAD to bend by 4.8°. Because the active
site of NQO2 is at the interface between the two protomers, the
“local” changes in the active site affect the overall structure of
the dimer. The reorientation of the dimers in the crystal lattice
indicates global changes in structure and/or dynamics. Thus,
the flavin switch function of NQO2 requires both reduction of
FAD and binding of an appropriate ligand to the reduced
isoalloxazine ring to stabilize the protein in an alternate
conformation.

Although the cellular function of NQO2 is not under-
stood, it binds many drugs and bioactive compounds and has
been implicated in apoptosis and cancer (22, 43—45). A role
as a flavin redox switch, the function of which is dependent
on cellular redox conditions and the presence of an appro-
priate ligand, could explain the elusive nature of NQO2 cel-
lular function. CQ is a good example of an NQO2-interact-
ing compound that is used to treat a variety of diseases, but
the mechanisms underlying the cellular effects of CQ are
poorly understood. As an antimalarial, CQ is thought to
interact with undimerized ferriprotoporphyrin and prevent
its detoxification and storage as B-hematin (4). On the other
hand, the process of hemoglobin digestion and storage of
ferriprotoporphyrin by the parasite involves endocytosis and
anumber of steps in which endosomes must fuse with diges-
tive vacuoles, and CQ and related quinolone drugs may
interfere with these processes (4). Along these lines, the
accumulation of CQ in lysosomes is thought to be responsi-
ble for its inhibition of autophagy (46). Furthermore, CQ has
effects on glucocorticoid signaling and has been linked to
p53 function (47, 48). It is conceivable that some of the cel-
lular effects of CQ are linked to its binding of NQO2 and the
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ensuing conformational switch, which would only occur
under an appropriate metabolic state where NQO?2 is
reduced.

Both NQO1 and NQO2 have been shown to protect p53
against 20S proteosomal degradation in the presence of their
reduced nicotinamide coenzymes (22, 23, 49, 50). In fact, the
stabilization and localization of a transcription factor is a
common function of flavin redox switches. For example, the
oxidized form of the flavin switch NifL. forms an inactive
complex with the transcription factor NifA; reduction of
NifL leads to dissociation of the complex, allowing NifA to
activate genes involved in nitrogen fixation. Lot6p, a yeast
homologue of human NQO1 and NQO2 (51), provides an
example of a quinone reductase that functions as a flavin
redox switch; in this case, reduction of Lot6p helps it to
stabilize the Yap4p transcription factor against 20S proteo-
somal degradation, similar to the way in which NQO1 and
NQO2 appear to stabilize p53 (39, 52). Lot6p is actually a
poor catalyst (the rate of the oxidative half-reaction is slower
than that of non-enzymatic model reactions), and this led
Sollner et al. (40) to propose that Lot6p may have evolved
primarily as a flavin redox switch to regulate 20S proteo-
somal degradation. The conformational switch that we have
observed with NQO2 provides a structural basis for the pro-
posed role of NQO2 and possibly other quinone reductases
in the redox-dependent regulation of p53.

As a flavin redox switch, it is not clear why NQO2 uses NRH
as an electron donor instead of NAD(P)H, which is used by
NQOL1 and all other members of the flavodoxin family. NQO2
is the only enzyme known to use NRH, and although oxidized
nicotinamide riboside exists as a metabolite of NAD, the origin
of cellular NRH is not known. On this basis, the metabolic sig-
nal that facilitates conformational switching of NQO2 remains
elusive. CQ has been reported to activate the p53 pathway, but
whether this process involves NQO2 was not determined (48).
In any case, there may be a number of small molecule “inhibi-
tors” of NQO2, as well as proteins or peptides, that could inter-
act specifically with the reduced form of NQO2 and function in
a manner similar to CQ to stabilize NQO2 in an alternate con-
formation. Thus, although there are many unanswered ques-
tions regarding the cellular function of NQO?2, a flavin switch
function that is dependent on the cellular redox state and the
presence of an appropriate ligand provides an intriguing, met-
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FIGURE 5. Conformational changes in NQO2 upon reduction and binding
of CQ. g, stereodiagram illustrating the relationship between NQO2 in the
oxidized (red) and reduced (blue) states. CA traces of two dimers are shown,
with the origin of the unit cells indicated by a yellow sphere; the FAD mole-
cules are drawn as stick representations. To show the changes that take place
in the crystal, the dimer from the orthorhombic (P2,2,2,) NQO2_,-CQ crystal
has been superimposed on one of the dimers from the monoclinic (P2,) crys-
tal of NQO2,.4-CQ. In orthorhombic crystals of NQO2,,, there is a single dimer
in the asymmetric unit, and the second dimer shown is related by crystallo-
graphic symmetry. When NQO2-CQ is reduced (blue), the relationship
between the two dimers changes, and the crystallographic symmetry is bro-
ken, resulting in a monoclinic space group with two dimers in the asymmetric
unit. b, a plot of differences in average CA positions between protomers of
oxidized NQO2 (NQO2,,-PQ and NQO2_,-CQ) and protomers of NQO2,.4-CQ.
¢, two views of the NQO2 dimer (CA trace) colored from blue to red according
to the magnitude of the difference in average CA position between reduced
and oxidized NQO2-CQ. The views are related by 180° rotation around a ver-
tical axis; the FADH ™ cofactor and bound CQ are represented as yellow and
magenta CPK models. Regions of NQO2 (numbered 1-7) that demonstrate a
significant shift upon reduction and binding of CQ (b) are indicated.

abolically regulated, link between NQO?2, p53, and the poorly
defined cellular effects of the many drugs and bioactive com-
pounds that interact with NQO2.
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