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Plant cytoplasmic male sterility (CMS) is an important phenomenon and is widely utilized in hybrid crop
breeding. The Wild Abortive CMS (CMS-WA), a well-known CMS type, has been successfully applied in
the commercial production of hybrid rice seeds for more than 40 years. The CMS-WA causal gene WA352
encodes a novel transmenbrane protein and the interacts with the mitochondrial copper chaperone
COX11, triggering reactive oxygen species production and resulting in male sterility in CMS-WA lines.
However, the structure of WA352 is currently unknown, and the structural mechanism whereby WA352
perturbs COX11 function to cause CMS remains largely unknown. Here, we report the crystal structure of
the C-terminal functional domain of WA352 at 1.3 Å resolution. This functional domain, consisting of ﬁve
a helices, is spindle-shaped with a length of 42 Å, and a diameter of 28 Å. Notably, the absence of any
structural similarity to a known protein structure suggests that the WA352 functional domain is a novel
fold. In addition, surface conservation analysis and structural modeling of the WA352-COX11 complex
revealed details about the WA352-COX11 interaction. Further structural analysis suggested that the
WA352-COX11 interaction blocks the copper ion transportation activity of COX11, which is essential for
the assembly of cytochrome c oxidase, resulting in male sterility in CMS-WA lines. Our study paves the
way toward structural determination of the WA352-COX11 complex and provides new insight into the
mechanism of plant CMS.
© 2018 Elsevier Inc. All rights reserved.
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1. Introduction
Cytoplasmic male sterility (CMS) has been widely identiﬁed in
higher plants, resulting from defects in mitochondrial function [1].
CMS is an important model system for studying the mitochondrialnuclear interaction and plays a major role in hybrid crop breeding.
Hybrid rice has been planted in approximately 40 countries and
makes a notable contribution to global food production [2]. Several
types of rice (Oryza sativa L.) CMS systems, including the Wild
Abortive (CMS-WA) [3], Boro II (CMS-BT) [4], and HongLian (CMSHL) [5], have been used for the commercial production of hybrid
seeds thus far. The CMS-WA system has been the most widely
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utilized over the past 40 years and has had a great impact on
modern agriculture [6]. In a long-term effort to identify the male
sterile gene, WA352 has been validated as the causal gene of CMSWA, which is an ancient product of complex rearrangements in the
mitochondrial genomes of the wild rice species [3,7].
Compared with known CMS proteins, WA352, consisting of 352
amino acids, has been shown to exhibit a distinct domain structure
[3]. The N terminus of WA352 is anchored to the inner mitochondrial membrane by three transmembrane segments, and the soluble C-terminal region, which shows no similarity to the domains of
any known functional mitochondrial proteins, is the functional
domain causing CMS [3]. WA352 accumulates speciﬁcally in the
anther tapetal cells of microspore mother cell stage, and interacts
with COX11 of rice (OsCOX11) and disturb its function [3]. The
deleterious interaction between WA352 and OsCOX11 triggers a
reactive oxygen species (ROS) signal network in tapetum, resulting
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in cytochrome c release and premature programmed cell death,
leading to defective pollen development and CMS [3,8]. Transgenic
analysis with truncated WA352 structures encoding the C terminal
of WA352 that interact with COX11 has clearly indicated that the
soluble C-terminus of WA352 is essential and sufﬁcient for
inducing CMS [3]. However, due to the absence of sequence similarity between WA352 and known protein domains, it is difﬁcult to
generate an accurate model of the structure of WA352. Hence, no
structure is currently available for WA352.
COX11, which is essential for cytochrome c oxidase assembly, is a
highly conserved protein in all eukaryotes [9]. The N terminus of
COX11 forms a single transmembrane helix anchored in the inner
mitochondrial membrane, while the soluble C-terminal domain is
located in the mitochondrial intermembrane space. COX11 is a
copper-binding protein and primarily functions in receiving copper
ions from COX17 and delivering copper ions to the CuB site of COX1,
which is the catalytic core subunit of cytochrome c oxidase [10].
COX11 functions as a dimer with a stoichiometry of one copper ion
per monomer [9,11,12]. Modeling and X-ray absorption spectroscopy analyses have shown that the COX11 dimer is composed of
two antiparallel monomers, with two copper ions bound by the
adjacent CFCF motifs at the dimer interface [11]. The COX11 dimer
has been well characterized in the copper ion transport process.
However, the structural mechanism by which WA352 perturbs
COX11 function to cause CMS requires further investigation.
In the present study, through the combination of limited proteolysis and yeast two-hybrid assays, we identiﬁed the structural
and functional domains of WA352. Furthermore, we determined
the crystal structure of the C-terminal functional domain of WA352
at 1.3 Å resolution (Table 1). Structural analysis revealed that
WA352 C-terminus exhibits a novel fold. Importantly, surface
conservation analysis and structural modeling of the WA352OsCOX11 complex revealed details about the WA352-OsCOX11
interaction. The superposition of our model with the COX11 dimer
suggests that WA352 blocks the copper ion transportation activity
of COX11 and causes CMS. Our study provides a new insight into the
structural mechanism of CMS-causal factor in plant male sterility.

Table 1
Data collection and reﬁnement statistics for the WA352 structure.

Data collection
Space group
Cell dimensions
a, b, c (Å)
a, b, g( )
Resolution (Å)
Rmerge
I/s(I)
Completeness (%)
Redundancy
Reﬁnement
No. reﬂections
Rwork/Rfree
No. atoms
Protein
Ligand/ion
Water
B-factors
Protein
Ligand/ion
Water
R.m.s deviations
Bond lengths (Å)
Bond angles ( )

Se-SAD

Native (5ZT3)

P212121

P212121

33.56, 34.96, 95.71
90,90,90
45e1.97
(2.04e1.97)
8.3(12.8)
24.5(21.3)
99.8(99.7)
9.3(9.5)

33.85, 35.44, 95.52
90,90,90
45e1.30
(1.33e1.30)
8.2(83.8)
12.1(2.4)
98.4(94.2)
6.8(6.7)
28,374
18.77/19.32
922
0
132
20.4
37.9
43.1
0.005
0.735
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2. Materials and methods
2.1. WA352 protein expression and puriﬁcation
The full-length of WA352 (GenBank Acc. JX131325.1) was used as
a template. Expression constructs were subsequently cloned into a
modiﬁed pET15b vector (Novagen), in which was attached with a
6  His tag following a drICE protease cleavage site at the N-terminus. The fusion proteins were expressed in the Escherichia coli
cell strain BL21 (DE3). The cells were cultured in lysogeny broth
medium at 37  C until OD600 approached 1.0. The temperature was
then shifted to 16  C, and the cells were induced by 0.2 mM isopropyl b-D-1-thiogalactopyranoside for 16 h. Next, the cells were
harvested by centrifugation, resuspended in lysis buffer containing
25 mM Tris-HCl, pH 8.0, and 150 mM NaCl, and lysed by in a JN-02
homogenizer. The insoluble pellets were removed by centrifugation
at 23,000 g for 1 h. The supernatant was subsequently loaded onto a
Ni-NTA column pre-equilibrated in lysis buffer (Ni-NTA, Qiagen).
Then the column was washed with lysis buffer supplemented with
15 mM imidazole. The fusion protein was eluted with buffer containing 25 mM Tris-HCl, pH 8.0, and 250 mM imidazole [13]. The
recombinant protein was further fractionated using anionexchange chromatography (Source 15Q, GE Healthcare). The relevant fractions were concentrated to approximately 20 mg ml1
(Amicon, 10 kDa cutoff, Millipore), and the His tag was removed by
drICE cleavage during concentration. Thereafter, the protein sample
was subjected to size-exclusion chromatography (Superdex-200
10/300, GE Healthcare). The lysis buffer plus 5 mM dithiothreitol
(DTT) was used for size-exclusion chromatography. For selenomethionine (SeMet) derivative protein, the cells were grown in medium from the Seleno Met™ Medium Base* (MD 12e501 Kit). After
induction, the medium was supplemented with 50 mg l1 selenomethionine. The SeMet-labeled protein was puriﬁed by the same
method as described above.

2.2. Crystallization
Crystallization was performed using the hanging drop vapor
diffusion method at 18  C. Crystals of WA352 (218e345) were
grown from the drops consisting of 1.4 ml of protein solution with
an equal volume of the reservoir solution containing 100 mM Tris
base/Hydrochloric acid pH 7.0, 200 mM Calcium acetate, and 20%
(w/v) PEG 3000. All reagents were purchased from Sigma-Aldrich
inc. After optimized, the crystals were collected after several days.
The SeMet-labeled WA352 crystals were grown under the same
conditions as the native WA352 crystals. The crystals were ﬂash
frozen in cryoprotectant made of the reservoir solution supplemented with 15% glycerol.

2.3. Data collection and structural determination
Native and anomalous diffraction data were collected at the
Shanghai Synchrotron Radiation Facility (SSRF) on a beamline
BL17U. All datasets were collected at 100 K and processed using the
HKL2000 program suite and XDS packages [14]. Further processing
was performed using programs from the CCP4 suite [15]. The
WA352 structure was solved by a single-wavelength anomalous
dispersion (SAD) method using Phenix [16]. The structure model of
WA352 was manually built using Coot [17] and reﬁned using Phenix. The structure reﬁnement statistics and the quality of the ﬁnal
structure model are summarized in Table 1. All ﬁgures representing
the structures were generated by PyMOL (PyMOL Molecular
€dinger, Inc.).
Graphics System, Schro
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2.4. Limited proteolysis
The soluble region of WA352 (138e352) was subjected to
limited proteolysis with increasing concentrations of V8 protease
(Sigma). The enzyme was dissolved in lysis buffer (25 mM Tris/HCl,
pH 8.0, and 150 mM NaCl) to prepare a 1 mg ml1 stock solution
and then ﬂash frozen at 80  C. A steep gradient of enzymes was
added to the WA352 protein. The reaction was then incubated at
room temperature (25  C) for 30 min, followed by the addition of
5 ml 20 mM PMSF to stop the reaction. Samples were boiled at 95  C
for 5 min and further analyzed through SDS/PAGE (15% gel) by
staining with Coomassie Blue R250. Finally, WA352 (179e352) was
digested by subtilisin as described above.
3. Results and discussion
3.1. Identiﬁcation of a structural and functional core domain of
WA352
We previously have identiﬁed the male sterile protein WA352 in
CMS-WA, which contains three transmembrane domains and a Cterminal functional domain. The C-terminal sequence of WA352
interacts with OsCOX11 and causes cytoplasmic male sterility [3].
According to TMHMM prediction [18], WA352 has three transmembrane regions (TM1, residues 54e76; TM2, residues 91e111;
TM3, residues 126e149) (Fig. 1A). To investigate whether WA352
contains a protease-resistant core, the WA352 soluble region (residues 138e352) was expressed and puriﬁed as described in the
Methods section. The puriﬁed WA352 was then subjected to

limited proteolysis using V8 protease (Fig. 1B). V8 digestion produced a clear fragment with an apparent molecular mass of
approximately 14 kDa. The digestion of another WA352 construct
(residues 179e352) with increasing amounts of subtilisin also
resulted in the appearance of a major 14 kDa band (Supplementary
Fig. S1). Therefore, WA352 contains a structural core domain of
approximately 14 kDa that is resistant to proteolytic digestion.
Our limited proteolysis analyses give a guideline for WA352
construct design and crystallization. Because of WA352 (138e352)
and WA352 (179e352) have the similarly 14 kDa band, it is
reasonable to assume that N-terminal of WA352 is ﬂexible. After
numerous optimization trials, a truncation of WA352 (residues
218e345) was found to show good behavior on gel ﬁltration.
Notably, the molecular mass of WA352 is also nearly 14 kDa
(Fig. 1C). However, it raised the question that whether WA352
(218e345) is functional. We prepared prey expression constructs
for WA352 (218e345) and a bait expression construct of full-length
OsCOX11. Yeast two-hybrid assays demonstrated that WA352
(218e345) could interact with OsCOX11 (Fig. 1D). In fact, the Cterminal domain of WA352 (residues 218e300), which was
included in WA352 (218e345), has been reported to interact with
COX11 and leads to CMS in vivo [3]. Therefore, we concluded that
WA352 (218e345) is the structural and functional domain of
WA352.
3.2. Overall structure of the WA352 functional domain
The WA352 functional domain (218e345) crystallized in the
space group P212121, with unit cell dimensions of a ¼ 33.85 Å,

Fig. 1. Identiﬁcation of a structural and functional core domain of WA352.
(A) Domain architecture and numbering of rice WA352 sequence. Three transmembrane domains (TM) are shown. The crystallization construct is colored in cyan. (B) Limited
proteolysis of WA352 soluble region (residues 138e352) with V8 protease. M is abbreviation of marker. A strong fragment of 14 kDa in size is highlighted by a dark pentagram. (C)
Size-exclusion chromatography proﬁle of the crystallization construct of WA352, with corresponding SDS-PAGE on the right panel. (D) Yeast two-hybrid analyses of the interaction
between WA352 crystallization construct (218e345) and the full-length of OsCOX11. WA352 (218e345) is fused to the GAL4 activation domain (AD). OsCOX11 is fused to the GAL4
DNA binding domain (BD). Yeast cells were spotted onto non-selective (þAde/His) or selective (-Ade/His) plates. (For interpretation of the references to color in this ﬁgure legend,
the reader is referred to the Web version of this article.)

X. Wang et al. / Biochemical and Biophysical Research Communications 501 (2018) 898e904

b ¼ 35.44 Å, c ¼ 95.52 Å (Table 1). The structure was determined at
1.3 Å resolution using a selenomethionine-based SAD method,
yielding a model with a low R value. The current R-factor is 0.187 for
the model. The reﬁnement statistics are listed in Table 1. Five
anomalous signals for selenomethionine were found in each unit
cell (Supplementary Fig. S2A). The electron density of WA352 is
very well deﬁned. Among the residues in the model, 98% lie in the
most favorable region, and the remainders are in the additionally
allowed region of the Ramachandran plot. The excellent quality of
the ﬁnal electron density maps clearly shows the hole in the indole
ring of tryptophan (Fig. 2A). However, neither the ﬁrst thirteen
residues (218e230) nor the last residue in the C terminus could be
modeled.
The functional domain of WA352 is spindle shaped with a length
of 42 Å and a diameter of 28 Å. The overall structure is composed of
ﬁve a-helices (Fig. 2B), where a2 is the longest alpha helix, consisting of approximately 30 residues (260e287). The shortest helix,
a3, is adjacent to the center of a2. Two helices, a4 and a5, are
located on one side, whereas a1 is located on the other side. A topology diagram is shown to visualize the arrangement and connectivity of the secondary structural elements of WA352 (Fig. 2C).
Analysis of the surface electrostatic potential of the WA352 structure revealed two positively charged patches consisting of two
arginine residues (Arg305 from the loop connecting a3 and a4,
Arg335 from a5) and another composed of three arginine residues
(Arg249, Arg250, Arg341) (Supplementary Fig. S2B). In addition, a
negatively charged segment is located on the opposite surface.
3.3. Comparison with other protein structures
WA352 showed no obvious similarity to any known functional
domain according to sequence analysis. However, it was not clear
whether WA352 presents structural homology to any known
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structure. Therefore, the crystal structure of the WA352 was submitted to the Dali server for protein structure comparison [19]. No
signiﬁcant similarities were discovered between WA352 and the
structures in the Protein Data Bank (PDB). The overall Z-score was
less than 5.0 (Table 2). Additionally, the WA352 structure was
compared with the top three structures provided by the Dali program: the designed helical protein (PDB: 5CWC), aminoacyl-tRNA
synthetase (PDB: 2BTE), and the VgrG proteins (PDB: 4NOO).
None of these proteins showed sequence similarity or structure
similarity to WA352 (Fig. 3). Although the a2 helix of WA352 was
mimic similar to the designed helical protein, both their topology
and architecture are distinct. Consistent with this notion, the
WA352 structure also differed from the aminoacyl-tRNA and VgrG
proteins in its structural position. Only a tiny fraction of the
structure could be superimposed in the same orientation. The
absence of any structural similarity to a known protein suggests
that the WA352 functional domain is a novel fold. In fact, WA352
originated from mitochondrial genomes of wild rice species via
multi-recombination and purifying selection during evolution [7],
offering a possible explanation for its low structural homology to
other proteins.
3.4. Sequence conservation analysis and structural modeling of the
WA352-COX11 complex
WA352 causes CMS by interacting with OsCOX11. Sequence
alignment revealed that the WA352 functional domain is conserved
(Supplementary Fig. S3), consistent with the previous ﬁnding that
the nucleotide sequence (cs1) encoding this functional domain is
highly conserved among the mitochondrial genomes of monocot
and dicot plant species [7]. For a better view, we performed a
Consurf analysis of sequence conservation on the surface [20].
Interestingly, two conserved regions were located on the surface,

Fig. 2. Structural overview of the functional domain of WA352.
(A) Stereo views of an electron density map of WA352. Final 2Fo-Fc map contoured at 1.5 s. (B) Cartoon representation of the overall structure of the WA352 functional domain. The
functional domain is shown in cyan. (C) Topology diagram of the WA352 functional domain. Helices are represented by cylinders and the color is consistent with Fig. 2B. (For
interpretation of the references to color in this ﬁgure legend, the reader is referred to the Web version of this article.)
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Table 2
Dali search results for WA352.
Chain

Z-score

RMSD

lali

Residue number

Identity (%)

Description

5CWC
2BTE
5CWG
4NOO
2KZU
4NSO
4IVE
2Y13
5XTD
3O7I

4.9
4.6
4.5
4.2
4.2
4.1
3.9
3.8
3.8
3.8

3.5
3.9
3.5
4.0
4.3
3.8
2.8
4.9
5.2
2.9

81
92
82
66
70
65
61
67
71
60

196
878
196
95
94
94
76
117
113
150

11
7
4.5
9
10
9
16
9
8
13

Designed helical repeat protein
Aminoacyl-tRNA synthetase
Designed helical repeat protein
VgrG protein
Death-associated protein 6
Effector protein
Polyadenylate-binding protein 3
50S ribosomal protein L27
NADH Dehydrogenase ﬂavoprotein 1
OHCU decarboxylase

Fig. 3. Comparison of WA352 with Dali search result.
(A) Superimposition of WA352 and the designed helical protein (PDB: 5CWC), which is closely related to results reported by Dali. The designed helical protein is colored in magenta.
(B) Structural comparison of WA352 and aminoacyl-tRNA synthetase (PDB: 2BTE) in two orthogonal views. aminoacyl-tRNA synthetase is colored in green. (C) Structural superposition of WA352 and VgrG protein (PDB: 4NOO), in yellow cylindrical representations. WA352 is colored in cyan and presented in the same orientation. (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the Web version of this article.)

from a1, a2 and a3 helices, suggesting a potential role in COX11interaction (Fig. 4A). To test this hypothesis, we modeled the
WA352-OsCOX11 complex structure. The structure of OsCOX11 was
predicted using I-TASSER server [21]. Subsequently, the predicted
model with the best C-score and TM-score was used for the further
docking. The complex structure of OsCOX11 and WA352 was
calculated using the HADDOCK [22] with the interaction residues
(residues 184e220 of OsCOX11 and residues 218e292, 294e352 of
WA352) identiﬁed in yeast two-hybrid experiment [3]. Finally, the
two best-scoring complexes with the lowest energy were chosen
for further analysis (Fig. 4B). As expected, the conserved region
from WA352 was primarily involved in intermolecular contact
(Fig. 4B). A number of potential interface residues were further
revealed by PISA analysis (Supplementary Table S1).
One challenging question is concerned with the mechanism of

WA352-OsCOX11 interaction triggering of ROS accumulation. It is
unclear whether the ROS accumulation comes from an impaired
cytochrome c oxidase function or due to the suppression of COX11
for peroxide degradation [23]. Previous investigations have
shown that COX11 forms a homodimer in Sinorhizobium meliloti,
yeast, and humans [9e11,24]. We compared the structure of our
WA352-OsCOX11 model with the published COX11 dimer [11].
Interestingly, after superimposition of COX11, WA352 in model 1
occupied the dimer interface of COX11 (Fig. 4C). Some of the
important amino acids at the COX11 dimeric interface (residues
E198 and E206) also participate in the interaction between WA352
and OsCOX11 (Supplementary Table S1). The monomer form of
COX11 has been shown to bind minimum copper [9,12]. Therefore,
model 1 implies that WA352 occupies the COX11 dimer interface
and destroys the copper binding ability of COX11. However, in
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Fig. 4. Surface conservation analysis and structural modeling of the WA352-COX11 complex.
(A) Consurf analysis of conservation scores are represented on the surface of WA352. (B) Structural modeling of WA352-OsCOX11 complex. OsCOX11 was modeled using the
template of structure of Sinorhizobium meliloti COX11 (PDB: 1SP0) and two models are shown in left panel and right panel. Surface representations of OsCOX11 are shown in yellow
color. The WA352 helices are shown as cartoons. (C) Structural comparison of WA352-OsCOX11 complex model 1 with COX11 dimer, cluster 2 of van Dijk et al. [11], after superposition of COX11. Two copper were shown as dots. Proposed working model shows that WA352 occupies COX11 dimer interface, thus destroying copper-binding ability of
COX11 (right panel). (D) Structural comparison of WA352-OsCOX11 complex model 2 with COX11 dimer, cluster 2 of van Dijk et al., after superposition of COX11. Proposed working
model for WA352 blocks the transport of copper ions (right panel). (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the Web version of this
article.)

model 2, WA352 is located on the membrane-facing side of the
COX11 (Fig. 4D) and interacts with the completely conserved
lysine residue Lys191 (Lys123 in Rhodobacter sphaeroides). Mutagenic analysis of COX11 demonstrated that this lysine is not
involved in copper binding but is absolutely required for copper
delivery to assembly of CuB [12]. It is reasonable to speculate that
WA352 blocks the transport of copper ions in model 2. Previous
biochemical data revealed that COX11 transfers a single copper
ion to COX1, which is one of the core catalytic subunits of cytochrome c oxidase, and inaccurate assembly of cytochrome c oxidase leads to ROS production [10,25]. Based on the above two
models, we posit the rational hypothesis that WA352 either
abolishes the copper-binding ability of COX11 or blocks the
transport of copper ions from COX11 to COX1 (Supplementary
Fig. S4), resulting in misassembled cytochrome c oxidase and
leading to ROS accumulation and CMS. Taken together, our model
provides direct insight into the mechanism of how the WA352COX11 interaction causes CMS.
In summary, we solved the crystal structure of the functional
domain of WA352 at 1.3 Å resolution. To our knowledge, this is the
ﬁrst reported crystal structure related to male sterility in plant CMS.
The WA352 structure exhibits unique features, with no homology
to any protein structures in PDB, which suggests that it presents a
novel fold. Further structural modeling and comparison suggested
that WA352 impairs cytochrome c oxidase assembly to cause CMS.
Our study paves the way for the determination of the complex
WA352-COX11 structure and provides new insight into the mechanism of plant CMS.

Accession code
The atomic coordinates and structure factors of WA352 (residues 218e345) have been deposited in PDB under accession
number 5ZT3.
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