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ABSTRACT: Soluble quinone oxidoreductases catalyze transfer of
electrons from NADPH to quinones. Transfer of electrons is essential
for detoxification of synthetic compounds. Here, we present the crystal
structure of a NADPH-dependent QOR from Phytophthora capsici (Pc)
complexed with NADPH at 2.4 A resolution. The enzyme exhibits a bi-
modular architecture, containing a NADPH-binding groove and a
substrate-binding pocket in each subunit. In the crystal, each asymmetric
unit of PcQOR contains two molecules stabilized by intermolecular
interactions. Gel filtration and ultracentrifugation analyses reveal that it
functions as a tetramer in solution. Alignment of homologous structures
exhibits a conserved topology. However, the active sites vary among the
homologues, indicating differences in substrate specificities. Enzymatic
assays indicate that PcQOR tends to catalyze the large substrates, like
9,10-phenanthrenequinone. Computational simulation associated with site-directed mutagenesis and enzymatic activity analysis
declares a potential quinone-binding channel. The ability to reduce quinones probably helps P. capsici to detoxify some harmful

chemicals encountered during invasion.

B INTRODUCTION

Quinone oxidoreductases (QORs) are a class of enzymes that
catalyze the reduction of quinones to hydroquinones. Most
quinones are classified as cytotoxic molecules widely
distributed in all living organisms."” QORs could prevent
cells from quinone cytotoxic damage, such as reducing the
formation of DNA adducts and lipid peroxides.” ® QORs are
classified into two groups depending on cellular localization:
(a) membrane-bound QORs that participate in the respiration
chain and generation of energy”® and (b) soluble QORs that
reduce quinones to hydroquinones.” Soluble QORs play a
central role in detoxifying quinones by reducing them to
corresponding hydroquinones, which may conjugate to either
sulfate or glucuronic acid for excretion.'””"” Oxygen can react
with hydroquinones and lead to consumption of redundants
from cells and lipid peroxidation."""*'*"> Most QORs exhibit
flexible substrate specificities and catalyze various-size
quinones.”'? Significantly, the electron-donating ability of
QORs is beneficial to degrade organic contaminants.'®
Soluble QORs are categorized into two groups based on
their respective reductive mechanism.'” DT-diaphorases (EC
1.6.99.2) belong to two-electron reductive enzymes and
require FAD as an additional prosthetic group.”'® On the
other hand, zeta-crystallin-like QORs catalyze one-electron
reduction of certain quinones (benzoquinones, naphthoqui-
nones, phenanthrenequinones, and related derivatives) using
NADPH as the only cofactor.'”™** Zeta-crystallin-like QORs
belong to the medium-chain dehydrogenase/reductase super-
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family,”*** which is divided into two subfamilies: zinc-

dependent dehydrogenases™ and non-metallic reductases.’
PcQOR belongs to the latter class, not requiring zinc ions for
catalysis. Zeta-crystallin has been found at low levels in the
liver and kidney tissues of both humans and guinea pigs,”*>’
suggesting a metabolic role in the detoxification of quinones.*®
Phytophthora capsici encounters harsh conditions during
infection, including oxygen deprivation. Perhaps PcQOR
participates in generating energy to accept electrons in the
absence of oxygen.

So far, the zeta-crystallin-like QORs have been determined
in many organisms, such as Pseudomonas syringae,” Saccha-
romyces cerevisiae,'" Thermus thermophilus HBS,” Escherichia
coli)"” Arabidopsis thaliana,** > Homo sapiens,m’?’3 and
Streptococcus mutans.”* Notedly, the QORs from humans and
yeast have a novel activity to hydrogenate the double-bond
a,B-hydrogenation of 2-alkenals and 3-alkenones.” In addition
to the enzymatic activity, they can also bind nucleic acids.***’
Moreover, these proteins are speculated to bind adenine—
uracil-rich elements to regulate transcription.”® All homologues
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of zeta-crystallin-like QORs exist as dimers in the asymmetric
unit.'” Each subunit contains a catalytic pocket and a cofactor-
binding pocket. To delineate the structural differences and
mechanism of catalysis between PcQOR and its homologues,
we perform structural studies of PcQOR.

Here, we determine the crystal structure of the PcQOR
complex with NADPH. The complex structure gives noticeable
details of the NADPH-binding interaction. We also investigate
the substrate-binding site using computational simulation
combined with site-directed mutagenesis and enzymatic
activity assays. PcQOR could catalyze both benzoquinone
and phenanthrenequinone, emphasizing the need for a flexible
active site for detoxifying toxic components encountered by P.
capsici in the host.

B MATERIALS AND METHODS

P. Capsici Strain Culture. P. capsici LT1534 strain was
cultured on oatmeal agar at 25 °C.

Gene Cloning and Protein Purification. The open
reading frame of PcQOR (GenBank accession no. OK398115)
was amplified from the genomic cDNA of P. capsici strain
LT1534 using the primer sets described in Supporting
Information Table S1 and ligated into the pET28a vector
that includes an N-terminal hexahistidine tag.3( E. coli Rosetta
cells were transformed with pET28a-PcQOR plasmids and
grown in Luria—Bertani medium under kanamycin selection at
37 °C until the Agy,m reached 0.8 absorbance units and then
induced with 1 mM isopropyl f-p-thiogalactopyranoside at 16
°C for 24 h. The cells were pelleted by centrifugation at 7000g
for 10 min and then resuspended in resuspension buffer
containing 30 mM HEPES, pH 7.5, 150 mM NaCl, and 30
mM imidazole. The cells were subjected to sonication on ice
using an ultrasonic homogenizer (Ningbo Scientz Biotechnol-
ogy Co., Ltd.), and the debris was removed by centrifugation
(14,000, 25 min, 4 °C). The supernatant was then loaded
onto a Ni-NTA column with an FPLC system (GE
Healthcare) equilibrated using lysis buffer and eluted with an
elution buffer (30 mM HEPES, pH 7.5, and 150 mM NaCl,
followed by a 200—500 mM imidazole gradient), and then
washed with 0.5 column volumes of washing buffer. The
eluotropic protein was further purified by anion-exchange
chromatography with a Resource Q column (GE Healthcare),
which was eluted using a linear gradient of NaCl. The protein
peak was concentrated to 1 mL and then loaded onto a size
exclusion chromatography column (Superdex 200 Increase
column, GE Healthcare) pre-equilibrated in 30 mM HEPES,
pH 7.5, and 150 mM NaCl buffer. The purified proteins were
collected and concentrated to 12 mg/mL. The purity of
protein was estimated by SDS-PAGE, and then, the protein
was stored at —80 °C for crystallization screening. The mutant
proteins were prepared in the same way as the wild-type
protein.

Crystallization, Data Collection, Structure Determi-
nation, and Refinement. The crystals of PcQOR were
grown using the sitting drop vapor diffusion technique and a
crystal screen kit (HAMPRON RESEARCH). A 1:1 ratio of
protein/reservoir solution was equilibrated against 180 uL of
reservoir solution at 10 °C. Crystallization of PcQOR was
completed within 3 and S days under conditions of 28% v/v 2-
propanol, 0.1 M Bis-Tris, pH 6.5, and 3% v/v polyethylene
glycol 200. The crystals were directly mounted in a cryoloop
and soaked in cryoprotectant solution (20% glycerol) and
flash-frozen in liquid nitrogen prior to data collection. All X-ray

diffraction data sets were collected at a radiation wavelength of
0.97 A on the beam line BL19U at a temperature of 100 K in
the Shanghai Synchrotron Radiation Facility (SSRF), China.
The diffraction data from PcQOR were collected with the 360°
total rotation range, 1° per image, and with the “auto-
correction” option in scaling. The “no merge original index”
option was used to generate an alternative, unmerged set of
data, intended only to calculate correlation coeflicients of
anomalous difference for two random half sets (CCano) by
phenix.anomalous_signal. The data were scaled separately
within the 45, 90, 180, 270, and 360° rotation range to analyze
the strength of anomalous signals at different multiplicities.
The statistics of diffraction data at maximal redundancy are
listed in Table 1. All data were processed using HKL3000

Table 1. Data Collection and Refinement Statistics of
PcQOR Crystals

PcOQR
data collection
space group P3,21
cell dimensions
a, b, c (A) 84.28, 84.28, 185.605
B (deg) 90.000
resolution (A) 50—2.40 (2.44—2.40)

Riperge (%) 179 (42.1)
I/c 11.19 (5)
completeness (%) 99.9(100)
redundancy 9.0 (9.4)
refinement

resolution (A) 2.39

no. of reflections 28,996

Riyork/ Reree

no. of atoms

17.28 (19.61)/22.74 (29.52)

Protein 5287
ligand/ion 96
Water 244
B-factors 359
rms deviations

bond lengths (A) 0.0086
bond angles (deg) 1.09
Ramachandran plot [%]

most favored 96.66
additionally allowed 2.62

software.””*" The PcQOR structure using the QOR of T.
thermophilus HB8 (PDB ID 1IYZ) as a search model was
solved by molecular replacement (MR) with the Phaser
program® from the CCP4 suite.”” Further refinement was
carried out by using the programs Phenix"* and Coot.* Ligand
fitting maps were performed using the Phenixligand fit.** 10%
of all data set aside was used to calculate Rg.. Subsequent
refinements by incorporating ligands and water molecules were
according to the 1.00 map level. The data collection and
refinement statistics are summarized in Table 1. A Ramachan-
dran plot generated with Molprobity indicated that the
structure had favorable stereochemistry.'” High-quality figures
of the protein and ligand structures were created with the
PyMOL program.48

Gel Filtration Assay. Gel filtration assay was performed
for analyzing the solution state of PcQOR. A Superdex 200
Increase column was pre-equilibrated with a buffer containing
30 mM HEPES, pH 7.5, and 150 mM NaCl. 2 mg/mL protein
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® PcQOR

Figure 1. Overall structure of PCQOR. (A) PcQOR—NADPH complex monomer. The monomer is presented as a cartoon model with domainl
being colored orange and domain2 being colored forest. (B) Structural comparison among QORs from various species. PCQOR is shown in orange;
MtbQOR (PDB: 4RVU) is shown in green, M. tuberculosis quinone oxidoreductase; EcCQOR (PDB: 1QOR) is shown in blue, E. coli quinone
oxidoreductase; SCQOR (PDB: 3QWB) is shown in pink, S. cerevisiae quinone oxidoreductase; PtoQOR (PDB: 3]JYN) is shown in magenta,
Pseudomonas syringae pv. tomato DC3000 quinone oxidoreductase; and TtQOR (PDB: 1IYZ) is shown in yellow, Thermus thermophilus HBS8
quinone oxidoreductase. The larger part at the corner exhibits a special loop colored black in PcQOR, acting as a cover over the active pocket. (C)
PcOQR dimer. Molecule 1 is colored orange with forest and molecule 2 is colored cyan. Interacting residues between the two subunits are shown as

sticks. (D) Larger features are also shown on the right.

of PcQOR was loaded onto the column and eluted under
conditions of 30 mM HEPES, pH 7.5, and 150 mM NaCl at a
flow rate of 0.5 mL/min. The Bio-Rad’s gel filtration standard
was used to estimate the molecular weight of the PcQOR
multimer.

Analytical Ultracentrifugation. Sedimentation velocity
experiments were performed using an Optima AUC analytical
ultracentrifuge equipped with two detection systems of
ultraviolet light and interference light (Beckman Coulter). 2
mg/mL PcQOR in buffer containing 30 mM HEPES, pH 7.5,
and 150 mM NaCl was centrifuged at 4 °C at 42,000g, and the
PcQOR migration was monitored based on absorbance at 280
nm. The sedimentation velocity data were analyzed using
SEDFIT.*"*°

Computational Docking. The structure of HNQ was
acquired from the CYP158A2 complex structure.’’ The
structures of 1,2-benzoquinone (NQ) (O=C1C=CC2=
C(C=CC=C2)C1=0) and PQ (O=CIC(=0)C2=
C(C=CC=C2)C3=C1C=CC=C3) were transformed
from the SMILES (simplified molecular input line entry
specification) level representations with the program phniex.-
elbow.” The three computer-simulated structures were

generated usin% Autodock4.2.6, which is a suite of automated
docking tools.””** Each molecule could obtain more than 100
initial poses, for each of which conformation was scored. The
optimal pose was scored for van der Waals and electrostatic
interactions and was rigid-body-minimized.

Site-Directed Mutagenesis. Variants were constructed
using a fast site-directed mutagenesis kit (Tiangen Biotech
(Beijing) Co Ltd.) with the wild-type PcQOR plasmid as a
template. The sequences of the mutagenesis oligonucleotides
are listed in Supporting Information Table S2. The PCR
products were incubated with Dpnl (Tiangen Biotech
(Beijing) Co. Ltd.) to digest the original DNA template and
then separately transformed into E. coli strain FDM competent
cells. Each mutant site change has been confirmed by
sequencing.

Activity Assays. The kinetic parameters of enzymes were
measured by the previous method.”” Kinase reactions were
carried out in a buffer solution containing 100 mM HEPES,
pH 7.5, 100 mM NADPH, 0.1 mg/mL PcQOR, and 0.25 mM
substrates at 25 °C. The substrates were dissolved in absolute
alcohol with final 2% concentration in the assay. The reaction
rate was monitored using NanoPhotometer Pearl by recording
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Figure 2. PcQOR functions as a tetramer. (A) The tetramer is presented as a cartoon model. The monomers within the tetramer are shown in
different colors. The N- and C-termini of the protein are marked N and C, respectively. (B) PcQOR tetrameric interface. Interacting residues
between the tetrameric interfaces are shown as sticks and the helices are shown as cylindricity. (C) Gel filtration analysis shows that PcQOR
eluotropic peak spans the expected tetramer volumes. (D) Ultracentrifugation analysis of PcQOR. Sedimentation velocity experiment suggests that

PcQOR exists as a tetramer in solution.

the decrease in absorbance of NADPH at 340 nm. The non-
enzymatic reduction of NADPH was set as the background
control for each assay. The kinetic parameters of mutant
enzymes were performed at 25 °C for 15 min.

B RESULTS AND DISCUSSION

Overall Structure of PcQOR. We determined the
recombinant protein PcQOR crystal structure by MR, which
is refined to 2.4 A resolution (Table 1). In the native structure
of PcQOR, ethylene glycol, the smallest component of
polyethylene glycol 200, is present in the active site pocket
of each monomer. Significantly, judging from the strong
difference density peak of definable shape, nicotinamide
adenine dinucleotide phosphate (NADPH) is present in the
active pocket of each monomer (Figure 1A).

Resembling the other QORs, PcQOR exhibits a bi-modular
architecture, which is characterized by two function domains: a
catalytic domain (domianl) and a NADPH-binding domain
(domain2), which are connected by helix a2. The helix a2 is
divided into two segments, labeled a2a and a2b. Domainl is
formed by the N- and C-terminal segments. The N-terminal
segment comprises seven f-strands (f1—f7) and the a2a-
helix, while the C-terminal segment is composed of two f-
strands (14—f15), an a8-helix, and an a9-helix. These two
parts are combined together to form domainl. Significantly,
domainl exhibits a compact bundle, which is formed by
strands 33, f4, BS, and p6. Helix al is embedded into the
bundle. This bundle is in immediate proximity to the NADPH-
binding domain; therefore, this motif is very likely to play a
pivotal role in substrate binding. Domain2 is formed from

25708

G149 to G294 that folds into a classical Rossmann fold,*
which is constituted by two fafiaf units flanked by three a-
helixes on either side. The long helix @2 horizontally inserts
into the protein and links the two domains (Figure 1A).

The overall structure of PcQORs is similar to that of QORs
from P. syringae pv. tomato DC3000,” S. cerevisiae,"’ E. coli,"”
T. thermophilus HBS8,” and Mycobacterium tuberculosis>
(Figure 1B). In the Dali server,”® PcQOR retrieved some
alcohol dehydrogenases as top hits, suggesting that PcQOR
shares a conserved structure with alcohol dehydrogenases.
However, the lack of the zinc-binding motifs probably affects
interaction between QORs and hydrogen from alcohols.
Importantly, there is a long unique loop (90—108) in
PcQOR, compared to other homogeneous QORs, covering
the region above the active site in PcQOR (Figure 1B). We
speculate that this loop probably plays a guarder role in the
substrate entry and product release.

Each asymmetric unit contains one homodimeric molecule
in PcQOR. The interface of the dimer is mainly mediated by
amino acids from the f13-sheet, a7-helix, and two loops
between a7 and a8. The interface area of the dimer is 983.3 A,
and the A,G of the interface is —14.5 kcal/mol. Across the
dimeric interface, there is a contiguous parallel -sheet bundle
made up of 12 f-strands, which is flanked by helices on either
side (Figure 1C). Amino acids from f13, a7, and loops
connecting a7 and a8 form intermolecular interactions,
holding the monomers within the dimer together (Figure
1D). Within the interactions, L282 from a7 of one monomer
interacts with Q292 of the adjacent monomer, and these two
residues are in close proximity to the nicotinamide moiety of
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Figure 3. NADPH-interacting network of PcQOR. (A) 2Fo-Fc electron omit map of the NADPH ligand in the PcQOR structure is contoured at
1.0 ¢ and presented in stereo-view. (B) Electrostatic surface presentation of the NADPH pocket of PcCQOR. NADPH is shown as a stick. (C)
Enzyme—NADPH interaction network are shown in stereo-view, and the protein residues and NADPH are presented as thin and thick sticks,
respectively. (D) Superimposition of NADPH of PcQOR with that of other QORs. NADPH of PcQOR is colored blue, NADPH of MtbQOR is
colored green, NADPH of EcQOR is colored orange, NADPH of ScQOR is colored pink, NADPH of PtoQOR is colored magenta, and NADPH of

TtQOR is colored yellow.

NADPH. Therefore, they are likely to play an important role in
assisting in the co-factor for catalysis. Further enhancement of
the dimer interface is accomplished through interactions of
1283, C286, and L1288 from one monomer with Q292, G290,
and L1288 from another monomer, respectively. This
interaction is indispensable because these structural elements
stabilize the boundary of the active site. Thus, dimerization of
PcQOR probably facilitates the formation of the ligand-binding
pockets. A similar mode of dimerization of QORs has been
observed previously.”' 7>

The results of gel filtration and ultracentrifugation analysis
reveal that PcQOR exists as a tetramer in solution. Gel
filtration results show that PcQOR eluted as a wide peak close
to molecular weight marker 158 kDa (Figure 2C). Ultra-
centrifugation demonstrates that the macromolecule has a
molecular weight of 146 kDa in solution, which approximately
quadruples the weight of PcQOR (Figure 2D). Two dimers
screwing together form a tetramer (Figure 2A). Amino acids
from the aS-helix, a8-helix, and f8-sheet, combined with
residues from the loop that connects a2 with 7 and the loop
that connects a3 with 9, form intermolecular interactions that
hold the dimers within the tetramer together (Figure 2B). The
interface area between molecule 1 and molecule 2 is 643.3 A,
and the A;G of the interface is —0.5 kcal/mol. Within the
tetramer, R308 and R309 from @8 of molecule 1 interact with
T167, A189, and F229 of the adjacent molecule 4. Further
consolidation of the tetramer interface is achieved via
interaction of D134 from one monomer with N231 of another
monomer. Thus, the intermolecular interactions of these
residues guide the protein tetramerization in the solution.

25709

PcQOR functions in the tetramer conformation, a more
compact conformation compared to the dimeric topology,
which probably contributes to the formation of catalysis-
competent ligand-binding pockets.

NADPH-Binding Site. NADPH binds to the cleft between
domainl and domain2 and embeds in a positively charged
cavity (Figure 3A,B). Residues from both domainl and
domain2 participate in tethering the co-factor. The adenine
ring of NADPH in PcQOR is wrapped in a groove formed by
Ql171, Y216, 1241, G242, T246, 1266, and A267 via van der
Waals contacts (Figure 3C). The side chain of Y216 stacks
against the adenine ring of NADPH. The phosphate group
attached to the adenosine ribose is encompassed by positively
charged residues (T173, S195, S196, K200, and Y216). The
pyrophosphate moiety establishes three hydrogen bonds with
G175-N, V176-N, and A44-N. The interaction of the ribose
sugar with the protein is perceived by the C2 hydroxyl oxygen
with the side chain of Q48 and by the C3 hydroxyl oxygen with
the main chain of Y265 through a water atom. The
nicotinamide moiety fits into a more open cavity and forms
strong interactions with 1263-O, V291-O, and A293-N. These
interactional amino acids enhance and orient the co-factor
optimally for catalysis and provide an applicable binding
environment for NADPH.

Superposition of the PcQOR with other homologues reveals
that the adenine ring of NADPH in PcQOR exhibits a
mirrored orientation compared to NADPH from other species.
We speculate that this mirrored conformation of the adenine
ring contributes to a more stable NADPH because no
additional NADPH molecules were added during cell culture
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Figure 4. Substrate entrance pocket and enzymatic activity of PCQOR. (A) Superimposition of the substrate entrance pocket between TtQOR in
yellow and PcQOR in orange. (B) PcQOR enzyme activity against PQ and NQ was tested by monitoring the absorbance decrease of NADPH at
340 nm. Each measurement was conducted in triplicate under identical conditions.

and crystallization. The different conformation of NADPH
may be attributed to the different residue composition in the
adenine ring-binding cavity. In QOR homologies, there is an
Arg stacking against the adenine ring of NADPH, while in
PcQOR, Arg is replaced with Gly and Tyr plays an important
role in stacking against the adenine (Figure 3D). Perhaps it is
the difference in the nucleotide-binding residues causing the
conformational change of NADPH in PcQOR. The unique
orientation of NADPH in PcQOR may be relevant to the
species specificity. BLAST analysis of the MtbQOR against
other oomycetes revealed some orthologues from Phytophthora
palmivora, Saprolegnia parasitica, and Aphanomyces astaci.
Sequence alignment shows that these three QORs also contain
Tyr around the NADPH pocket, while Arg is replaced with Gly
or Ser in the NADPH pocket (Figure S1). Side chain of “Glu”
or “Ser” residue may be too short to stabilize the adenine ring.
Therefore, we surmise that unique orientation of NADPH
could be found in QORs of some oomycetes species.

Enzymatic Assays. In T. thermophilus HB8 QOR, the
entrance to the substrate-binding pocket is blocked by nearby
residues LS50, AS1, and W243, which explains why the large
substrates such as phenanthrenequinone cannot be reduced.”
In contrast, the access to the substrate-binding pocket in
PcQOR, which is guarded by nearby residues A57, AS6, and
Q292, exhibits greater opening for substrates compared to T.
thermophilus HB8 QOR. AS7, AS56, and Q292 locate above the
nicotinamide moiety and establish a large opening through
which NADPH may accomplish the hydride transfer (Figure
4A).

To characterize the enzymatic activity of PcQOR, we
determined the enzymatic activities against substrates such as
NQ and 9,10-phenanthrenequinone (PQ) kinetics. PcQOR
catalyzed PQ more efficiently than NQ. Additionally, we
measured glucose and sucrose in the presence of Zn®* as
substrates of PcQOR in activity assays. Despite sharing
conservative topology between QORs and alcohol dehydro-
genases, PcQOR did not show a significant effect of sugar
compounds (Figure 4B). The characteristics of the substrate-
binding site in the PcCQOR—NADPH structure may provide
some insights into the specificity of the enzyme for different
substrates.

Putative Binding Sites of HNQ, NQ, and PQ in the
Substrate-Binding Pocket. Upon NADPH binding, QORs
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catalyze transfer of electrons from NADPH to substrates.’®
The C4 atom in the nicotinamide ring of NADPH is the key
site where electron transfer occurs. Thus, the substrate-binding
site is speculated to be located in the groove between the
nicotinamide ring and domainl. We examine the region
around the C4 atom of the nicotinamide moiety to acquire
information about the substrate-binding site. The electrostatic
potential surface of PcQOR—NADPH indicates that the
substrate-binding site is located in a region surrounded by
polar residues, which construct two sidewalls. The hydrophilic
sidewall is composed of N43, R4S, D46, Q48, Y54, S67, D68,
C147, T148, and K341 from domainl, while the hydrophobic
sidewall consists of V176, A293, and NADPH. Importantly,
C147, T148, and V176 are within 5§ A of the C4 atom of the
NADPH nicotinamide moiety. In addition, ethylene glycol is
found in the substrate-binding pocket, held tightly by hydrogen
bonds to the protein and NADPH (Figure SA).

We failed to acquire crystals of the PcQOR tertiary complex
with NADPH and ortho-quinones. Therefore, we docked two
classical ortho-quinone substrates, PQ and NQ, and one
typical ortho-quinone product, HNQ to the PcQOR—NADPH
complex using the program Autodock4.2.6.°” Docking
produced 10 clusters for PQ, NQ, and HNQ, respectively.
For every docking substrate, we picked out the lowest-energy
restraint, which is packed parallel to the nicotinamide ring. The
carbonyl groups of quinone of HNQ and NQ point outward
the N43, R435, Q48, C147, T148, and K341, while the carbonyl
groups of quinone of PQ pointed inward the N43, R4S, Q48,
C147, T148, and K341. Importantly, all three molecules stack
between NADPH and Y54. One carbonyl oxygen atom of
HNQ and NQ interacts with the side chain of Y54 through a
hydrogen bond, and the other carbonyl oxygen is stabilized by
the C2 hydroxyl oxygen atom of the nicotinamide ribose and
the side chain of Q48 (Figure SB—D). Thus, we deduce that
the polar residues in the active pocket create an ideal
environment for catalysis.

Site-Directed Mutagenesis of PCQOR. To confirm the
docking results, we detect the catalytic activities of mutants of
R45, Q48, Y54, C147, and T148, which exhibit a stronger
affinity to substrates predicted from the above docking pattern.
The result discriminates that the five amino acids are essential
for substrate binding (Figure 6). R4S, Q48, and Y54 are
predicted to stabilize the carbonyl group of the substrates. As
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Figure S. Docking of HNQ, NQ, and PQ to (A) PCQOR—NADPH
complex. Ethylene glycol and active residues of the interaction
network are shown as sticks. Docking pattern of (B) HNQ, (C) NQ,
and (D) PQ to PcQOR. Ligands and active residues are shown as
sticks. NADPH colored blue is shown as a line. Distances <4.0 A are
indicated with dashed lines.

shown in Figure 6, the enzyme activities of the three mutants
are very low, indicating that residues R45, Q48, and Y54 are
essential for catalytic activity. C147 and T148 are predicted to
form hydrogen bonds with the phenyl rings of ortho-quinones.
Variants of these two amino acids show an almost complete
loss of enzyme activity. All these imply that these five residues
play an important role in shaping a suitable environment for
catalysis of substrates. Although N43, D46, S67, D68, V176,
and K341 are predicted to surround the substrate, mutations of
these residues result in inapparent loss of activity. All these

show that simulation of complex structures could provide
important information of active sites.

We also measure the activity of some key residues
interacting with NADPH. Mutation of Y216, which stacks
against the adenine ring of NADPH, shows a great loss of
enzyme activity, indicating the critical role of the hydrophilic
tyrosine for NADPH stability. Similarly, mutagenesis of 1263
and V291, which form strong interactions with the
nicotinamide moiety of NADPH, results in a significant loss
of activity. Therefore, we infer that most residues in the
NADPH-binding groove strengthen the protein—cofactor
interaction.

Sequence Alignment. Multiple sequence alignment
shows that some active site residues, like N43, Y54, T151,
V176, and K341, are conserved in homologous QORs, while
differences are also found in some other active site residues.
For instance, in the structure of PcQOR, the polar residue R4S
replaces the corresponding hydrophobic residue Ile from other
homologues and the polar residue C147 replaces the nonpolar
residues Leu. In addition, some QORs like Ztal from
S.cerevisiae have been reported to be able to reduce the af
double bond of alkenals/alkenones using two adjacent tyrosine
residues as catalytic residues. However, in PcQOR, the
glutamine replaces one tyrosine in Ztal, implying that
PcQOR might not reduce the af double bond of alkenals/
alkenones (Figure 7).

B CONCLUSIONS

This work reports the structure of the PcQOR—NADPH
complex. Computational simulation combined with site-
directed mutagenesis and enzymatic activity assays enable us
to define the potential quinone-binding site of PcQOR. Based
on these, we propose a catalytic mechanism of PcQOR. When
quinone enters the active pocket, the substrate will be
redistributed by the side chains of R45, Q48, Y54, C147,
and T148 and the NADPH nicotinamide ring. Electron
transfer proceeds once the phenyl ring of quinone stacks
against the nicotinamide ring. The increased hydrophobicity
around the positively charged nicotinamide cavity stimulates
electron transfer from NADPH to the substrate in the ternary
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Figure 6. Enzymatic activity of site-directed mutants of PcCQOR. Enzyme activity rates were tested by monitoring the decrease in absorbance of
NADPH at 340 nm. Mutation of residues that were estimated to interact with substrates exhibited lower enzyme activity than other mutants. Each
assay was conducted in triplicate, from which the average + s.d. was calculated.
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Figure 7. Structure-based sequence alignment of representative QORs. The key substrate-interacting residues are labeled by blue circles. The
special loop covering the active pocket of PcQOR is marked by a gray box. Residues that determine the conformation of the ademne ring of
NADPH are marked by a green box. Structure-based sequence alignment was created using Clustal X Version 2.0°” and ESPript 3.0.°° Reprinted
with permission from [Clustal W and Clustal X version 2.0]. Copyright [2007] [Oxford University Press]. Reprinted with permission from
[deciphering key features in protein structures with the new ENDscript server]. Copyright [2014] [published by the Oxford University Press on
behalf of nucleic acid research].

enzyme—NADPH—substrate complex.’’ After reduction of the

quinone carbonyl group, the hydrogen bonds between quinone

and the side chain of R45, Q48, and Y54 are broken. As the

reduction reaction is complete, the substrate-binding pocket

opens to release the product.
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