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a b s t r a c t
Quinone oxidoreductase (QOR EC1.6.5.5) catalyzes the reduction of quinone to hydroxyquinone using
NADPH as a cofactor. Here we present the crystal structure of the f-crystallin-like QOR Zta1 from Saccharomyces cerevisiae in apo-form at 2.00 Å and complexed with NADPH at 1.59 Å resolution. Zta1 forms a
homodimer, with each subunit containing a catalytic and a cofactor-binding domain. Upon NADPH binding to the interdomain cleft, the two domains shift towards each other, producing a better ﬁt for NADPH,
and tightening substrate binding. Computational simulation combined with site-directed mutagenesis
and enzymatic activity analysis deﬁned a potential quinone-binding site that determines the stringent
substrate speciﬁcity. Moreover, multiple-sequence alignment and kinetics assays implied that a singleresidue change from Arg in lower organisms to Gly in vertebrates possibly resulted in elevation of enzymatic activity of f-crystallin-like QORs throughout evolution.
Ó 2011 Elsevier Inc. All rights reserved.

1. Introduction
Most quinones are generally classiﬁed as toxic compounds that
are widely distributed in nature. Cellular accumulation of quinones
leads to serious cytotoxic effects in various ways (Bolton et al.,
2000). Quinone dehydrogenase/oxidoreductases protect cells from
the cytotoxic effects of quinones (Dinkova-Kostova and Talalay,
2000; Nioi and Hayes, 2004; Porte et al., 2009a). These enzymes
catalyze the reduction of quinone to its corresponding hydroquinone, which is readily conjugated to either glucuronic acid or sulfate for excretion (Monks and Jones, 2002; Prestera et al., 1993).
NADPH-dependent quinone oxidoreductases (QORs, EC 1.6.5.5)
belong to the nonmetallic reductase subfamily of the medium-chain
dehydrogenase/reductase superfamily, which contains enzymes
widespread in bacteria and eukaryotes (Porte et al., 2009a). The soluble QORs are distinct from the membrane-bound ones which are
NADH-dependent, and contain noncovalently bound FMN and
iron-sulfur clusters as prosthetic groups (Yagi, 1991). They are also
different from the widely distributed quinone dehydrogenases (EC
1.6.5.2) that catalyze two-electron reductions and require FAD as
an additional prosthetic group (Jaiswal, 2000; Li et al., 1995). The
f-crystallins are NADPH-dependent QORs that were ﬁrst identiﬁed
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in the lenses of guinea pigs (Huang et al., 1987) and camels (Garland
et al., 1991). Initially, Rao et al. reported that f-crystallins catalyze
one-electron reduction of ortho-quinone(Rao et al., 1992). However,
recent investigation showed that QORs catalyze two-electron reduction to convert quinone to its corresponding reduced quinone using
NADPH as a cofactor (Oppermann, 2007; Porte et al., 2009b). The fcrystallin-like QORs have also been found in other organisms. Pseudomonas syringae pv. tomato DC3000 encodes a f-crystallin-like QOR
that possesses a weak reduction activity towards 1,4-benzoquinone,
and very strong activity towards 9,10-phenanthrenequinone (Pan
et al., 2009). Human f-crystallin (Fernandez et al., 2007) and QorA
from Staphylococcus aureus (Maruyama et al., 2003) catalyze the
reduction of ortho-quinone.
To date, the structures of human f-crystallin(Porte et al., 2011), its
homologs from Escherichia coli (Thorn et al., 1995), and
P. syringae pv. tomato DC3000 (Pan et al., 2009) have been determined.
All exist as a homodimer in the asymmetric unit, with each subunit
composed of a catalytic domain and a cofactor-binding domain. The
catalytic domain contains both the N- and C-termini of the protein
and has a complex arrangement of secondary structures. The cofactor-binding domain exhibits two repetitive classic Rossman folds
(Rao and Rossmann, 1973). The f-crystallin-like QORs have been biophysically and structurally characterized. However, little is known
about their substrate-binding site and catalytic mechanism.
The homolog of f-crystallin in Saccharomyces cerevisiae is Zta1,
and it localizes in both the cytoplasm and the nucleus (Porte
et al., 2009a). Zta1 is reported to have a similar substrate speciﬁcity
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to human (Fernandez et al., 2007) and guinea pig f-crystallins (Rao
et al., 1992). In addition to the detoxiﬁcation of quinones, Zta1 and
human f-crystallin also have the ability to reduce the a,b-double
bond of alkenals/ones (Crosas et al., 2011; Porte et al., 2011), and
involve in posttranscriptional regulation via binding to speciﬁc
RNA sequences (Fernandez et al., 2007; Tang and Curthoys,
2001). Here, we determined the crystal structures of Zta1, in the
apo-form at 2.00 Å and complexed to NADPH at 1.59 Å. The structures enabled us to identify a noticeable induced ﬁt upon NADPH
binding. We also deﬁned a substrate-binding site using computational simulation and enzymatic activity assays. Furthermore, we
found that a change in a single residue at the gate of the substrate-binding pocket might cause elevation of enzymatic activity
of f-crystallin-like QORs from lower to higher organisms.
2. Materials and methods

crystallographic parameters of the structures are listed in Table
1. All structure ﬁgures were prepared with PyMOL (DeLano, 2002).

2.3. Computational docking
The three dimensional structures of NQ and PQ were transformed with the program phniex.elbow (Adams et al., 2002) from
the simpliﬁed molecular input line entry speciﬁcation (SMILES)
level representations (O = C1C = CC2 = C(C = CC = C2)C1 = O) and
(O = C1C(=O)C2 = C(C = CC = C2)C3 = C1C = CC = C3). Enzyme structures for docking were prepared with AutoDock Tools, and docking
runs were preformed using AutoDock4.0 (Goodsell et al., 1996;
Huey et al., 2007). Up to 100 initial poses per molecule were generated, for each of which multiple conformations were scored. The
best scoring pose was rigid-body minimized and scored for electrostatic and van der Waals interactions.

2.1. Construction, expression, and puriﬁcation of Zta1
2.4. Enzymatic activity assay
The open reading frame of ZTA1/YBR046C was ampliﬁed by PCR,
using S. cerevisiae S288c genomic DNA as the template, and cloned
into a pET28a-derived vector. This construct adds a hexahistidinetag to the N-terminus of the recombinant protein, which was overexpressed in E. coli BL21 (DE3) (Novagen, Madison, WI) strain using
2  YT culture medium. The cells were induced with 0.2 mM isopropyl-b-D-thiogalactoside (IPTG) at 16 °C for 20 h when OD600nm
reached 0.6. Cells were harvested by centrifugation at 8000g for
10 min and resuspended in lysis buffer (20 mM Tris–HCl, pH 7.0,
200 mM NaCl). After 5 min of sonication and centrifugation at
12,000g for 25 min, the supernatant containing the soluble target
protein was collected and loaded to a Ni–NTA column (GE Healthcare) equilibrated with binding buffer (20 mM Tris–HCl, pH 7.0,
200 mM NaCl). The target protein was eluted with 250 mM imidazole buffer and further loaded onto a Superdex 200 column (GE
Healthcare) equilibrated with 20 mM sodium citrate, pH 5.38,
50 mM NaCl. Fractions containing the target protein were pooled
and concentrated to 20 mg/mL. The purity of protein was estimated on SDS–PAGE and the protein sample was stored at
80 °C. The mutant proteins were expressed, puriﬁed, and stored
in the same manner as the wile-type protein.

The enzymatic kinetic parameters of native Zta1 and its mutants were measured as previously described (Rao et al., 1992)
with minor changes. All assays were performed at 25 °C in a standard assay mixture contained 100 mM Tris–HCl, pH 7.5, 0.2 mM
NADPH, puriﬁed protein and substrates at various concentrations.
Quinone substrates were dissolved in absolute alcohol (ﬁnal concentration of alcohol in assay was 2%). The reactions were triggered
by adding the puriﬁed protein solution, and the decrease in absorbance at 340 nm (eNADPH = 6220 M1 cm1) was monitored with a
DU800 spectrophotometer (Beckman Coulter) equipped with a
cuvette holder ﬁxed at 25 °C. The decrease of absorbance resulting

Table 1
Data collection and reﬁnement statistics.

Data collection
Space group
Unit cell (Å, °)
Molecules per asymmetric
unit
Resolution range (Å)a

2.2. Crystallization, data collection, structure solution, and reﬁnement
Crystals of Zta1 were obtained at 289 K using the hanging drop
vapor-diffusion techniques, with the initial condition by mixing
1 lL of the 20 mg/mL protein sample with equal volume of mother
liquor (25% polyethylene glycol 3350, 0.2 M MgCl2, 0.1 M Tris–HCl
pH 8.0). The crystals grew to approximately 0.2  0.2  0.4 mm in
about 3 days. Crystals of Zta1–NADPH complex were obtained by
co-crystallizing Zta1 with 5 mM NADPH in 25% polyethylene glycol
3350, 0.1 M Tris–HCl pH 8.0. The crystals were soaked into the
cryoprotectant of reservoir solution supplemented with 25% glycerol and ﬂash-cooled at 100 K in liquid nitrogen, data were collected at radiation wavelength of 0.9795 Å at the Shanghai
Synchrotron Radiation Facility, Shanghai Institute of Applied Physics, Chinese Academy of Sciences, using beamline BL17U at 100 K
with a MX-225 CCD (Marresearch). Data processing and scaling
were performed using the HKL2000 package (Otwinowski and
Minor, 1997). Both crystal structures were determined by the
molecular replacement method with MOLREP (Vagin and Teplyakov, 1997) using the coordinates of E. coli QOR in complex with
NADPH (PDB code: 1QOR) as the search model. Reﬁnement was
carried out using REFMAC (Murshudov et al., 1997) and Coot
(Emsley and Cowtan, 2004). The overall assessment of model quality was performed using MolProbity (Lovell et al., 2003). The

Unique reﬂections
Completeness (%)
<I/r(I)>
Rmergeb (%)
Average redundancy
Structure reﬁnement
Resolution range (Å)
R-factorc/R-freed (%)
Number of protein atoms
Number of water atoms
RMSDe bond lengths (Å)
RMSD bond angles (°)
Mean B factors (Å2)
Ramachandran plotf
Most favored (%)
Additional allowed (%)
PDB entry
a

Apo-form

NADPH-bound form

P212121
74.97, 87.31, 100.51
90, 90, 90
2

P21
53.96, 75.36, 182.83
90, 92.11, 90
4

50.00–2.00 (2.07–
2.00)
45,227 (4464)
100.0 (100.0)
22.90 (7.73)
8.5 (27.6)
6.2

50.00–1.59 (1.62–
1.59)a
190,318 (8502)
97.2 (87.4)
8.68(6.05)
10.6 (15.7)
3.5

35.32–2.00
(2.05–2.00)
21.4/24.7
5190
721
0.006
0.887
19.6

35.50–1.59
(1.63–1.59)
18.8/21.1
10340
1627
0.014
1.280
16.7

99.2
0.8
3QWA

99.5
0.5
3QWB

Values in parentheses are for the highest resolution shell.
P P
P P
Rmerge = hkl i|Ii(hkl)  < I(hkl)>|/ hkl i|Ii(hkl)|, where Ii(hkl) is the intensity
of an observation and <I(hkl)> is the mean value for its unique reﬂection; Summations are over all reﬂections.
P
P
c
R-factor = h||Fo(h)|  |Fc(h)||/ h|Fo(h)|, where Fo and Fc are the observed and
calculated structure-factor amplitudes, respectively.
d
R-free was calculated with 5% of the data excluded from the reﬁnement.
e
Root-mean square-deviation from ideal values.
f
Categories as deﬁned by MolProbity.
b
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from the non-enzymatic reduction of quinone substrates upon
addition of NADPH was set as background control for each assay.

3. Results and discussion
3.1. Overall structure
The two subunits in the asymmetric unit of the Zta1 crystal are
structurally similar, with an overall root mean square deviation
(RMSD) of 0.7 Å over 330 Ca atoms. The subunits form a homodimer along a noncrystallographic 2-fold axis, with an interface of
1200 Å2 (Fig. 1A). Gel-ﬁltration chromatography indicated that
Zta1 also exists as a dimer in solution (Fig. S1). The dimeric interface is mainly composed of strand b13, helix a8, and three loops
(Pro255–Ile258, Ser262–Ile266 and Arg270–Gln272) in each
monomer. Across the dimeric interface, the six-stranded parallel
b-sheets of the two subunits form an extended b-sheet with b13
and b130 antiparallel.
Each Zta1 subunit is characterized by two distinct domains: a
catalytic domain (Domain I) and a cofactor-binding domain
(Domain II), which are bridged by a long helix a3 (Fig. 1B). Domain
I comprises an N-terminal segment (from Ile5 to Gln132) and a
C-terminal segment (from Leu273 to Gln334), and forms a twisted
b-sheet ﬂanked by six a-helices (a1, a2, a3a, and a9–a11). Domain
II is from Val1133 to Gln272, and contains two repetitive Rossman
folds (Rao and Rossmann, 1973): b8–a4–b9–a5–b10 and
b11–a7–b12–a8–b13. The six b-strands (b8–b13) form a central
parallel b-sheet sandwiched by a-helices (a3b–a8).
3.2. NADPH-binding site and induced ﬁt
A molecule of NADPH binds to the cleft between Domain I and II
in each subunit of NADPH-complexed Zta1 (Fig. 1B and Fig. S2A),
similar to previous complex structures (Porte et al., 2011; Thorn

et al., 1995). Superposition of the Zta1–NADPH monomer with
the Homo sapiens and E. coli homologs yields an RMSD of 2.5 Å
(282 Ca atoms) and 1.4 Å (280 Ca atoms), respectively.
The NADPH molecule at the interdomain cleft interacts with
residues from both domains (Fig. 2A). The NADPH adenine ring is
sandwiched between the main chains of Ala249 and Ser250 and
the side chains of Phe49 and Arg322 via van der Waal’s contacts.
The amino group of the adenine moiety is exposed to solvent.
The phosphate group of the adenosine ribose forms four hydrogen
bonds with Ser181–N and Oc, Lys185–Nf and Arg322–Ng2. The
pyrophosphate ﬁts into the relatively narrow part of the cleft,
and forms hydrogen bonds with the main-chain atoms of Tyr49,
Gly160 and Val161, and with Gln132–Ne2. The two hydroxyl
groups of the nicotinamide ribose are stabilized by Tyr53–Og via
two hydrogen bonds. The nicotinamide moiety ﬁts into a wider
cavity and forms hydrogen bonds with Phe246-O, Pro271-O, and
Leu273-N. A cluster of hydrogen bonds mediated by 13 water molecules in the NADPH-binding cleft further strengthen the proteincofactor interaction.
Superposition of the apo-form against the NADPH-complexed
Zta1 yields an RMSD of 1.2 Å over 325 Ca atoms, and reveals conformational change induced by NADPH binding. Given Domain II
superimposed ﬁrst, Domain I shifts toward NADPH, resulting in helix a3 rotating about 5.6° along its C-terminus. The rigid-body rotation of Domain I leads to a narrower interdomain cleft for the
approaching NADPH molecule (Fig. S2B). The phenolic rings of
Tyr49 and Tyr53 also shifted by about 3.2 and 3.4 Å to stabilize
the adenosine ribose and pyrophosphate of NADPH. The short helix
a80 (Asn248-Gly251) is relaxed into a loop that packs against
NADPH. The side chain of Arg322 shifts about 6.5 Å towards the
phosphate group, leaving room for the NADPH adenine moiety.
In some liver alcohol dehydrogenases (Colonna-Cesari et al.,
1986; Eklund et al., 1981), NADPH binding also results in a narrowing of the cofactor-binding cleft, and the active site is shielded from
the solution. However, NADPH binding causes the opening of the

Fig. 1. Overall structure. (A) Schematic representation of the Zta1 dimer. (B) Cartoon representation of the Zta1–NADPH complex monomer. Orange, domain I; cyan, domain
II. All ﬁgures were prepared using PyMOL.
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interdomain cleft in P. syringae pv. tomato DC3000 QOR(Pan et al.,
2009), and triggers no induced ﬁt in Thermus thermophilus HB8
QOR(Shimomura et al., 2003).
3.3. Substrate-binding pocket
Upon NADPH binding, a group of residues undergo signiﬁcant
conformational changes (Fig. 2B). For example, Asn48, Ile50,
Tyr53, and Tyr59 shift by 1.6, 5.4, 3.4, and 3.6 Å, respectively.
The main chains of Arg69 and Asn248 shift towards the nicotinamide ring, together with the side chains reorienting by 6.0 and
4.7 Å. The side chains of Leu131, Arg270, Gln272, and Leu273 are
shifted by about 3.8, 1.5, 5.6, and 0.5 Å, respectively. These residues, together with the nicotinamide ring, form a substrate-binding pocket, as proposed previously (Porte et al., 2009a; Thorn
et al., 1995). Two hydrophobic sidewalls are composed of Ile50
and Tyr59 on one side, and the nicotinamide ring and Leu273 on
the other side, while the hydrophilic sidewalls consist of Asn48,
Asn248, Arg270 and Gln272. In addition, a glycerol was found in
the substrate-binding pocket (Fig. 2A), held tightly in place by
hydrogen bonds to the protein and NADPH molecule.
3.4. Putative binding sites of NQ and PQ in the substrate-binding
pocket
We attempted to obtain the crystal of Zta1 tertiary complex
with NADP+ and ortho-quinone by either co-crystallization or
crystal soaking, but were not successful. Therefore, we docked
two typical ortho-quinone substrates, 1,2-naphthoquinone (NQ)
or 9,10-phenanthrenequinone (PQ), to the Zta1–NADPH complex
using the program AutoDock4.0 (Huey et al., 2007; Morris et al.,
1998). Docking produced nine clusters for NQ and ﬁve for PQ. Results for each substrate contained two clusters of lowest energy
that satisﬁed the best interaction restraints. All quinone rings of
the four probable clusters packed in parallel to the nicotinamide
ring. However, the two most probable clusters for each substrate
had two opposite positions, with the carbonyl groups of quinone
either pointing towards Tyr59, Arg270, and Gln272 (outward pose,
Fig. S3A and S3B), or toward Asn48 (inward pose, Fig. 3A and B). To
verify the docking results, a series of residues involved in substrate
binding (Ile50, Tyr59, Leu131, Arg270, Gln272, Leu273, and Asn48)
were mutated for activity assays.
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We measured the activity of the mutants of Ile50, Tyr59,
Leu131, and Leu273, which are predicted to stabilize the phenyl
rings of the substrate in either pose. As shown in Fig. 4A and B
and Table S1, the Km values for mutant Y59A towards both substrates were about 2-fold higher than wild-type, while the KmNQ
value of Y59F changed little and KmPQ value decreased by 4-fold.
The Km for I50A towards both substrates, and the KmPQ of L131A
were signiﬁcantly increased, while the KmNQ for L131A, and the
Km for L273A towards both substrates showed little change. These
results indicated that residues Ile50, Tyr59, and Leu131 are involved in substrate binding, although Leu131 is probably involved
in immobilizing only the larger ring of PQ, but not NQ. Moreover,
the kcat values of mutants L131A and L273A towards both substrates decreased by 20–40% compared to wild-type, implying that
these two residues are essential for shaping a hydrophobic environment around the C4 atom of NADPH for facilitating electron
transfer.
We next measured the activity of the mutants of Tyr59, Arg270,
and Gln272, which were predicted to form hydrogen bonds with
the carbonyl groups of quinone in the outward pose. The Km for
R270A and Q272A towards both substrates, and the KmNQ of Y59F
changed little compared to wild-type, whereas KmPQ for Y59F decreased by 4-fold. Moreover, electron transfer from C4 of the nicotinamide to carbonyl oxygen was not geometrically feasible in the
outward pose. Thus, neither NQ nor PQ as substrate appeared to
adopt an outward pose in the pocket. In contrast, the KmNQ and
KmPQ for mutant N48A and N48L increased by more than 10-fold,
while the kcatNQ and kcatPQ decreased by about 90% compared to
wild-type, implying that Asn48 is crucial for substrate stabilization
and catalytic reaction.
Taken together, these results indicated that the inward pose
(Fig. 3A and B) probably resembles the natural binding of the
ortho-quinones: one carbonyl oxygen atom interacts with the side
chain of Asn48 through a hydrogen bond (about 3.9 Å), and the
other lies on top of the C4 atom of the nicotinamide (about
3.3 Å). Thus, we deduced that the re-distribution of hydrophobic
and polar residues in the pocket upon NADPH binding creates an
ideal environment for accommodating both the hydrophobic and
polar moieties of the ortho-quinones.
Moreover, multiple-sequence alignment shows the active-site
residues Asn48, Ile50, Tyr59, Leu131, and Leu273 are conserved
in the typical f-crystallin-like QORs (Fig. 5A) and possess a common substrate-binding pattern that is distinct from other QOR

Fig. 2. NADPH binding. (A) Hydrogen bonds between NADPH and surrounding residues and waters are black dashed lines. NADPH, glycerol and surrounding residues are
sticks, and waters are red spheres. (B) Superposition of residues in the substrate-binding pocket. Orange, Zta1; cyan, Zta1–NADPH complex; green NADPH. (For interpretation
of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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Fig. 3. Docking of NQ and PQ to Zta1. Binding pattern of (A) NQ and (B) PQ to the Zta1 active site. Residues are shown in cyan stick format. NADPH is green, and docked NQ
and PQ are gray. Hydrogen bonds between the residues and docked quinones are black dashes. (For interpretation of the references to colour in this ﬁgure legend, the reader is
referred to the web version of this article.)

Fig. 4. The bar graph diagrams of kinetic parameters. (A) km and (B) kcat value of mutants toward both substrates were compared with those of wild-type.

subfamilies (Porte et al., 2009a). For instance, the active site of
Thermus thermophilus HB8 QOR (Shimomura et al., 2003) differs
markedly from Zta1 and E. coli QOR, which belong to the typical
f-crystallin-like QORs. This structural feature explains why T. thermophilus QOR has reductase activity towards 1,4-benzoquinone
but not NQ or PQ. The conserved hydrophobic residue Leu131 in
the typical f-crystallin-like QORs changes to Glu123 in all p53inducible gene 3 (PIG3) members (Porte et al., 2009b), which consistent with their distinct substrate speciﬁcity. In addition, Zta1
and human f-crystallin have been reported to be able to reduce
the a, b-double bond of alkenals/ones, using Tyr53 and Tyr59 as
catalytic residues, alternatively (Crosas et al., 2011; Porte et al.,
2011).
3.5. A single-residue change possibly contributes to elevate the
enzymatic activity of f-crystallin-like QORs

is relatively large (Fig. 5B) compared to yeast Zta1–NADPH
(Fig. 5C) and E. coli QOR–NADPH (Fig. 5D). This size difference
mainly resulted from the replacement of a single gated Arg residue
in E. coli QOR (Arg263) and Zta1 (Arg270), to Gly268 in human fcrystallin. Furthermore, structure-based sequence alignment
showed that the Arg is conserved in lower organisms but replaced
by Gly in vertebrates (including Branchiostoma lanceolatum)
(Fig. 5A). To explore the inﬂuence of the change in the f-crystallin–QORs, the R270G mutant was constructed and used in activity
assays (Table S1). kcat and kcat/Km towards both standard substrates
increased, with kcatNQ and kcatPQ for R270G increased by 60–70%,
whereas the KmNQ and KmPQ values were similar to wild-type. We
propose that the replacement of Arg with Gly might results in
the elevation of enzymatic activity throughout evolution, probably
via enlarging the pocket entrance.
3.6. Putative mechanism for catalysis

The substrate-binding pocket of f-crystallin-like QORs is proposed to be close to the nicotinamide moiety of the NADPH cofactor (Pan et al., 2009; Thorn et al., 1995). Structural comparison
revealed that the pocket entrance in human f-crystallin–NADPH

Based on the docking results and enzyme assays, we propose
the following catalytic mechanism for Zta1. The cofactor-binding
pocket and the active site in the apo-enzyme are fairly open and
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Fig. 5. Evolution of f-crystallin-like QORs. (A) Structure-based sequence alignment of f-crystallin-like QORs from Escherichia coli (ZP_07160882.1), Saccharomyces cerevisiae
(NP_009602.1), Ricinus communis (XP_002510987.1), Leishmania braziliensis (XP_001561638.1), Branchiostoma lanceolatum (XP_002613985.1), Danio rerio (NP_001019546.1),
Xenopus laevis (NP_001086430.1), Gallus gallus (NP_001073231.1) and Homo sapiens (NP_001880.21). Secondary structure elements of Zta1 (PDB code: 3QWA) are at the top.
Residues involved in the substrate-binding site are marked with red stars, and the key residue at the entrance is marked with a blue triangle. Alignments were performed
with ClustalW and ESPript. The entrance of the substrate-binding pocket of (B) human f-crystallin, (C) Zta1 and (D) E. coli QOR. NADPH is in green, and the key residues are in
blue (human f-crystallin) and cyan (Zta1 and E. coli QOR). (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this
article.)

relaxed. Upon NADPH binding, Domain I and II move towards each
other, narrowing the interdomain cleft. At the same time, the
residues around the active site assemble to form an ideal substrate-binding cavity. Quinone enters the pocket and is correctly
positioned by the side chains of Asn48, Ile50, Tyr59, and Leu131,
as well as the NADPH nicotinamide ring. In the holoenzyme, the
active site is more shielded from solution than in the apo-form.
Electron transfer occurs once the phenyl ring of quinone is aligned
parallel to the nicotinamide ring via p-p stacking interactions. An
increase in hydrophobicity around the positively charged nicotinamide group in the ternary enzyme-NADPH-substrate complex
facilitates electron transfer from NADPH to substrate(Eklund

et al., 1981). Upon reduction of the quinone carbonyl group, the
hydrogen bond between the side chain of Asn48 and ortho-quinone
is broken. With the redox state change, the conformation of NADP+
also may change, accompanied by the opening of the interdomain
cleft for the release of the product.

4. Conclusions
This work reports the structures of Zta1 and Zta1–NADPH complex, and reveals a noticeable induced ﬁt upon NADPH binding.
Computational simulation combined with site-directed mutagene-
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sis and enzymatic activity assays enable us to deﬁne the potential
quinone-binding site of Zta1 and f-crystallin-like QORs. Furthermore, the replacement of Arg with Gly at the gate of the substrate-binding pocket might cause elevation of enzymatic activity
of f-crystallin-like QORs from lower to higher organisms.
5. Accession numbers
Atomic coordinate and structure factor of Zta1apo-form and
Zta1complexed with NADPH were deposited in the Protein Data
Bank (http://www.rcsb.org) under the accession codes 3QWA and
3QWB, respectively.
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