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proteins were coexpressed (fig. S17B). However,
microtubules did not eliminate ROP11 or MIDD14N
when ROP11 or MIDD12N was solely expressed
(fig. S17, A and C). In contrast, cortical micro-
tubules eliminated MIDD*"-AD, in which a min-
imal plasma membrane—anchor domain from
ROPI11 (19) was fused to MIDD*™ (fig. S17D).
These results suggest that MIDD1 mediates
elimination of ROP11 from the plasma mem-
brane by the cortical microtubules, probably by
the mechanism in which plasma membrane—
associated cortical microtubules physically interfere
the plasma membrane—anchored MIDD1-ROP11
complexes.

We show that secondary wall pattern is es-
tablished by two processes: a ROP-driven sym-
metry breaking and a mutual inhibitory interaction
between cortical microtubules and active ROP
domains (fig. S18). The first process may be ex-
plained by Turing’s reaction diffusion model
(20), where ROPGEF4 and ROPGAP3 act as an
activator and an inhibitor, respectively. This mod-
el requires a positive feedback of the activator. In
yeast, a scaffold protein, Bem1p, mediates a pos-
itive feedback of Cdc24p GEF (21). A similar
scaffold protein might function with ROPGEF4.
In the second process, MIDD1 promotes dis-
assembly at the microtubule tip (5), whereas
MIDD1 mediates the elimination of active ROPs
at the microtubule sides. MIDD1 may interact
with AtKinesin-13A (&) as well as ROP11 and
cortical microtubules. MIDD1 may have dif-
ferent functions at the tip and side of cortical
microtubules.

We showed that MIDD1-mediated interaction
between spontaneously activated ROP domains
and cortical microtubules produces pitted pattern

of metaxylem cells. Although ropgef4 did not
affect significantly protoxylem cell wall patterns,
because not only MIDD1 but also members of
ROPs are also expressed in protoxylem cells
(22), such secondary wall patterns as annular, spi-
ral, and reticulate patterns might be produced by
similar MIDD1-mediated interaction between
activated ROP domains and cortical microtu-
bules. Indeed, stabilization of microtubules with
taxol produced a reticulate-like secondary wall
pattern in developing metaxylem cells. Differ-
ences among ROPGEF and/or ROPGAP mem-
bers may also contribute to size differences of
activated ROP domains and then of the second-
ary wall depleted area. Our reconstitution assay
may be a powerful tool to test this idea.

MIDDI is expressed in not only xylem cells
but also nonxylem cells (23). Considering the na-
ture of MIDD1, even in nonxylem cells, MIDD1
may function in production of specific patterns of
cortical microtubules and of activated ROP do-
mains. As shown in epidermal pavement cells,
local ROP domain activation and microtubule
organization underlie local polarized growth of
the cell (7). Thus, MIDD1-mediated membrane
domain establishment may contribute to the for-
mation of various plant cell shapes generally.
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A Killer-Protector System Regulates
Both Hybrid Sterility and Segregation

Distortion in Rice

Jiangyi Yang,™* Xiaobo Zhao,'* Ke Cheng,™* Hongyi Du," Yidan Ouyang," Jiongjiong Chen,*
Shuqging Qiu,* Jianyan Huang,* Yunhe Jiang,* Liwen Jiang,? Jihua Ding, Jia Wang,*

Caiguo Xu,* Xianghua Li,* Qifa Zhang't

Hybrid sterility is a major form of postzygotic reproductive isolation that restricts gene flow
between populations. Cultivated rice (Oryza sativa L.) consists of two subspecies, indica and
japonica; inter-subspecific hybrids are usually sterile. We show that a killer-protector system at the
S5 locus encoded by three tightly linked genes [Open Reading Frame 3 (ORF3) to ORF5] regulates
fertility in indica-japonica hybrids. During female sporogenesis, the action of ORF5+ (killer)

and ORF4+ (partner) causes endoplasmic reticulum (ER) stress. ORF3+ (protector) prevents ER
stress and produces normal gametes, but ORF3— cannot prevent ER stress, resulting in premature
programmed cell death and leads to embryo-sac abortion. Preferential transmission of ORF3+
gametes results in segregation distortion in the progeny. These results add to our understanding
of differences between indica and japonica rice and may aid in rice genetic improvement.

eproductive isolation is both an indicator
of speciation and a mechanism for main-

taining species identity. The Dobzhansky-

Muller model (7) suggests that hybrid incompatibility
results from deleterious interactions between inde-
pendently evolved loci from diverged populations.

Studies in animal models such as Drosophila and
mice have identified several of such interactive
genes that cause hybrid incompatibility and seg-
regation distortion (2, 3). In plants, hybrid sterility
is a major form of postzygotic reproductive isola-
tion, and several genes have been identified that
conform to the Dobzhansky-Muller model for re-
productive isolation (4—7). Hybrid sterility between
indica and japonica subspecies of cultivated rice
(Oryza sativa L.) is one example of postzygotic re-
productive isolation in plants (8—/0). Genetic analy-
ses of indica-japonica hybrids have identified a
large number of loci conditioning hybrid sterility (10).
Several genes for indica-japonica hybrid sterility
(11-13) and interspecific hybrid sterility between
O. sativa and O. glumaepatula (14) were recently
cloned, aiding in our understanding of the bio-
logical processes of hybrid sterility in rice species.
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S5 is a major locus for hybrid sterility in rice
that affects embryo-sac fertility, as identified in a
number of studies across a range of germplasms
(11, 15-19). The S5 locus has three alleles, an
indica allele S5-1, a japonica allele S5-j, and a
neutral allele S5-n (/5). Hybrids of genotype
S§5-1/85-j are mostly sterile, whereas hybrids of
genotypes consisting of S5-n with either S5-1 or
§5-j are mostly fertile (/5—17). The S5 region has
been mapped (/8) and covers up to five open
reading frames (ORFI to ORF'5). Transformation
studies of ORF3 to ORF5 (11) from an indica
variety into a japonica variety showed reduced
fertility, due to embryo-sac abortion, for transfor-
mants harboring indica ORF5, whereas the fer-
tility of transformants of ORF3 and ORF4 was
not affected. The indica and japonica alleles of
ORF’5, which encodes an aspartic protease, differ
by two nucleotides, whereas the wide compatibility
allele has a large deletion in the N terminus of
the predicted protein, causing subcellular mis-
localization of the protein (/7).

Because segregation distortion has been ob-
served in progenies of indica-japonica hybrids
(12, 19, 20), we assayed S5 genotypes of 195
seedlings from a BCgF; plant BL(BL/NJ), a near
isogenic line (NIL) heterozygous for the S5-i
allele from an indica variety Nanjing 11, back-
crossing successively with a japonica-variety
Balilla. The resulting progeny showed genotypes
deviating from the expected 1:2:1 ratio (Table 1).
A maximum likelihood estimate for the frequen-
cy of §5-j transmitted via the female gametes
was 0.1, compared with the expected 0.5. Sim-
ilar segregation distortion was also observed in

A Nanjing 11 X Balilla
l 3-445-

3+4-5+

Fi
Megaspore
mother cell

B ==
(3+)

Megaspore

Viable

Fig. 1. Schematic representation of the killer-protector system in an indica-
japonica hybrid regulated by the S5 locus. (A) A genetic model depicting the
process of megaspore formation and effects of the three genes, where 3+, 3—,
4+, 4—, 5+, and 5— represent ORF3+, ORF3—, ORF4+, ORF4—, ORF5+, and
ORF5—, respectively, and colored blocks and circles represent the proteins. In
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progenies from other indica-japonica crosses
(Table 1).

Because it is difficult to explain the hybrid ste-
rility and segregation distortion by ORF5 alone,
we determined genomic sequences of ORFI to
ORF4 for Nanjing 11 (indica), Balilla ( japonica),
Dular, and 02428 (the latter two are wide com-
patibility varieties that can produce highly fertile
hybrids in crosses with either indica or japonica).
Sequence polymorphisms with predictable func-
tional changes among the genotypes in the pre-
dicted proteins were observed in ORF3 and
ORF4 but not ORF1 or ORF?2 (fig. S1). By in-
vestigating the transcripts, we observed that the
translation start codons of ORF4 and ORF5 were
located only 0.8 kb away, but the genes were
transcribed in opposite directions. The ORF4
sequence of Balilla and 02428 was predicted to
encode a protein with a transmembrane domain
and had no homology with any known proteins
(fig. S2). An 11-base pair (bp) deletion predicted
to cause premature termination of the predicted
protein and a loss of the putative transmembrane
domain (fig. S2) was detected in ORF4 of Nanjing
11 and Dular relative to Balilla and 02428 (fig.
S1). ORF3 was mapped 11.7 kb away from ORF4
and showed homology to a heat shock protein
Hsp70 gene. The ORF3 sequences of Balilla and
Dular have a 13-bp deletion relative to the other
two genotypes (fig. S1), which results in a
frameshift in the C terminus of the protein (fig.
S3). On the basis of the sequence differences in
these ORFs (fig. S1), we designated the ORF’3
allele from Nanjing 11 and 02428 as ORF3+ and
the other allele as ORF3—; the ORF4 allele from

REPORTS I

Balilla and 02428 as ORF4+ and the other one as
ORF4—; and the ORFY allele from Nanjing 11 as
ORF5+, the one from Balilla as ORF5—, and
those from Dular and 02428 as ORF5n.

We tested the effect of ORF3 on hybrid sterility
by crossing a transgenic BalillaORF3+ plant [in
which ORF3+ from Nanjing 11 was transformed
into Balilla and showing normal fertility (Table 2)]
with BL(NJ/NJ), a NIL in which the S5 frag-
ment contains ORF3 to ORF5 from Nanjing 11
(ORF3+, ORF4—, and ORF5+) introgressed into a
Balilla background (ORF3—, ORF4+, and ORF5-).
A Balilla and BL(NJ/NJ) cross typically produces
hybrid with reduced fertility (Table 1). However,
BL/NJORF3+ plants from this cross showed 71.5%
spikelet fertility, compared with 50.3% of the BL/NJ
plants (Table 2). This rescue was confirmed in the
progeny of heterozygous plants BL/NJORF3+, in
which the fertility of BL/NJORF3+ plants (75.1%)
was much higher than that of BL/NJ plants (46.8%).
Therefore, we inferred that ORF3+ rescued fer-
tility of the indica-japonica hybrid, presumably
by protecting the gametes from the killing effect
of ORF5+. Comparison between normal and
ORF3+-rescued plants [BL/BL or NJ/NJ versus
BL/NJORF3 (Table 2)] showed that the fertility-
protecting effect of ORF3+ is only partial. We
suspect that the independent transmission of the
transformed hemizygous ORF3+ relative to the
host S5 locus explains these observations because
we would expect only approximately half of the
gametes to inherit the ORF3+ transgene, which
would be protected from killing by ORF5+.

To support our hypothesis, we crossed
BalillaORF3+ carrying a transformed ORF3+

.

v

ER stress-
K responsive genes

Abortive
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OsCP1,
OsKOD1,
Hsr203j
PCD
bZIP50-S
& Nucleus
Embryo-sac

ER stress-
Kmsponsive genes

abortion/

the megaspore mother cell and daughter cells immediately after meiotic divi-
sion, killing would not occur because of the presence of ORF3+. Killing would occur
in the daughter cell carrying ORF3— and ORF4+ at a later stage of megaspore
development. (B) Hypothetical molecular processes involving ER-stress and PCD.
bZIP50-S, spliced bZIP50; ER, endoplasmic reticulum; PM, plasma membrane.
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and BalillaORF5+ carrying a transformed ORF5+
(Table 2). The progeny plants lacking any trans-
gene were fully fertile, as expected, as were the
ones carrying ORF3+ alone. Transgenic ORF5+
plants were sterile, whereas the addition of trans-
gene ORF3+ rescued the fertility of the plants.

Transforming ORF4+ into BL(NJ/NJ) resulted
in no fertility reduction in BL(NJ/NJ)ORF4+ trans-
formants (Table 3), as expected, because of the
presence of the protector ORF3+ in the intro-
gressed fragment. Also, the fertility of hybrids
involving the Dular fragment (ORF3—, ORF4—,
and ORF5n) from the BL(BL/DL) x BL(BL/NJ)
cross was normal, regardless of whether the allelic
fragment was indica or japonica (Table 3). How-
ever, in the F; progeny from a BL(NJ/NJ)ORF4+ x
BL(DL/DL) cross, individuals with the transgene
BL(DL/NJ)ORF4+ exhibited reduced spikelet fertil-
ity (39.3%), compared with the transgene-negative
plants BL(DL/NJ) or the parental BL(NJ/NJ)ORF4+.
Furthermore, statistically significant segregation dis-
tortion at the S5 locus was observed in the F, prog-
eny produced from BL(DL/NJ)ORF4+ plants (Table
3), in which the NJ fragment (estimated frequency
0.654) was favored at the cost of the DL fragment
(0.346). Consequently, the frequency of DL/DL
homozygote was deficient compared with the ex-
pected 1:2:1 ratio. Thus, the addition of ORF4+
in this hybrid resulted in the death of gametes
with the Dular fragment.

To examine the role of ORF4+ in relation to
ORF5+, we crossed BL(BL/DL) with BalillaORF5+
(Table 3). Among F, the two genotypes with
the transformed ORF5+ (BL/BLORF5+ and
BL/DLORF5+) were mostly sterile, whereas their
transgene-negative counterparts were fertile. This
was also observed in the F, segregants of this
cross. Moreover, DL/DLORF5+, which is homo-
zygous for the Dular genotype with an added
ORF5+, showed normal fertility, and fertility of
BL(BL/NJ) was not affected by the transformed
ORF5+. Given that both Balilla and Dular had
ORF3— and nonkiller ORF5, the fertility differ-
ence between BL/DLORF5+ and DL/DLORF5+
can be ascribed to differences in ORF4 between
Balilla and Dular (figs. S1 and S2). Because both
ORF5+ and ORF4+ are indispensable for gamete
killing, ORF4 is apparently a partner in gamete
killing with ORFS.

The results of genetic analysis for the S5-
induced hybrid sterility presented above are sche-
matically summarized in Fig. 1 A. Female gametes
in the indica-japonica hybrid are killed during
sporogenesis by ORF5+ in partner with ORF4+
but protected by ORF3+.

An expression database (27) indicated that
both ORF4 and ORF5 show low expression—
almost at the background level throughout the
life cycle (fig. S4). ORF3 transcripts were more
abundant, especially in developing panicles. Tran-
sient expression assays with rice protoplasts re-
vealed that both ORF3+ and ORF3- proteins
localized to the endoplasmic reticulum (ER) (fig.
S5, A to H). ORF4+ localized to the plasma mem-
brane and Golgi (fig. S5, Q to T), whereas ORF4—

localized to the ER (fig. S5, I to P). ORFS5 protein
was found in the extracellular domain (/7).
Microarray analysis of ovaries at the func-
tional megaspore stage showed that ORF3 ex-
pression was statistically significantly higher in
BalillaORF5+ transgene-positive than in -negative
plants (table S1). We detected an ER stress-responsive
UPRE-like cis-element (TGACGAGG) (22) in the
promoter of ORF3 at—256 bp (fig. S1). Expression
of a number of ER stress-responsive genes was also
statistically significantly higher in BalillaORF5+
plants (table S1 and fig. S6A). This pattern of in-
duction is highly similar to that observed in ER
stress studies in rice (23—25). As a response to stress
(25), the ER stress sensor IREI transduces signals
through the unconventional splicing of OsbZIP50
mRNA, which causes a frameshift producing a
nuclear localization signal in the protein desig-
nated OsbZIP50-S, which regulates the expres-
sion of many ER stress-responsive genes, including
ORF3. We confirmed that the spliced OsbZIP50-S
mRNA was present in BalillaORF5+ plants (fig. S7).

Taken together, these results suggested that intro-
duction of ORF5+ into Balilla induced ER-stress
in ovaries.

Bax inhibitor-1 (BI1) is a conserved ER-
resident cell death suppressor in eukaryotes and
plays an important role in modulating the ER
stress-mediated programmed cell death (PCD)
pathway both in Arabidopsis and rice (26, 27).
Our analysis (fig. S6B) showed that OsBII was
up-regulated in BalillaORF5+ plants. OsKODI
[an orthologous gene of kiss of death (KOD), which
acts as a PCD-inducer in Arabidopsis] (28) and
Hsr203j (the commonly used cell death marker)
(24, 29) were also up-regulated by ORF5+. Ex-
pression of OsCP1, which acts as an executor of
the PCD process in rice tapetum development
(30, 31), was elevated by ~12-fold in ovaries of
BalillaORF5+ plants. In addition, many differ-
entially expressed genes between BalillaORF5+
transgene-positive and -negative plants revealed
in the microarrays (table S2) were PCD-related,
such as the cytochrome P450, LTPL, and GDSL

Table 1. Segregation distortion at the S5 locus detected in F, seedlings from various crosses.

Population . S5 Number of 2 Spikelet
(orpcross) Generation genotype plants* x :2:1) fertir:ity (%)t
BL(BL/N])t BC4F» BL/BL 9 (48.75) 59.5 (P =0.00) 85.6 +2.5 (P =0.00%
BL/N] 101 (97.5) 52.6 + 0.6
NJ/N] 85 (48.75) 89.5 + 0.9
Nanjing 11 F, BL/BL 10 (46) 106.6 (P = 0.00)
/Balilla BL/N] 70 (92)
NJ/N] 104 (46)
Nanjing 11 F, NP/NP 11 (49.75) 80.1 (P = 0.00)
/Nipponbare NP/N] 89 (99.5)
NJ/N] 99 (49.75)
93-11 F, NP/NP 18 (53.5) 65.1 (P = 0.00)
INipponbare 93/NP 96 (107)
93/93 100 (53.5)
*Numbers in parentheses are expectations based on 1:2:1 ratio for each cross. tMean + SEM. $Near isogenic line heterozygous

for the S5 fragment developed by crossing Balilla with Nanjing 11 and backcrossed six times with Balilla. BL, Balilla; NP, Nipponbare;

NJ], Nanjing 11; 93, 93-11.

§P value from a t test of the heterozygote against the two homozygotes.

Table 2. The effects of ORF3 and ORF5 on spikelet fertility.

Line or cross* Generation S5 genotypet o':u::::trs ferfi‘:iltk;l(?;o) + P value§
BalillaORF3+ T, BL/BL 27 85.6 + 1.2 0.37
BL/BLORF3+ 30 87.1+0.8
BL(NJ/N]) x BalillaORF3+ Fy BL/N] 23 50.3 £ 0.6 0.00
BL/NJORF3+ 53 715+ 0.6
BL(BL/N])ORF3+ F, BL/BL 4 91.0 + 3.4
BL/N] 5 46.8 + 0.4 0.00
NJ/N] 6 87.5 £ 0.7
BL/BLORF3+ 10 92.7 + 1.5
BL/NJORF3+ 19 75.1 £ 1.7
NJ/NJORF3+ 15 86.6 £ 1.6
BalillaORF3+ x Fy BL/BL 3 80.8 £ 0.7
BalillaORF5+ BL/BLORF3+ 5 82.7+4.4
BL/BLORF5+ 7 3.9+£0.8 0.00
BL/BLORF3+ORF5+ 13 47.7 £ 2.7

*BL(NJ/N]) and BL(BL/N)) indicate near-isogenic lines in Balilla background with the S5 locus homozygous for the fragment from NJ

(Nanjing 11), or heterozygous for N] and BL (Balilla) fragments.

1BL, Balilla; N], Nanjing 11. fMean + SEM. §P value

obtained by t test between the two genotypes in the same cross or selected genotypes in the same shade.
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gene families (37). These results suggested that
ORF5+-induced ER stress might provoke abnormal
PCD in embryo-sac development. We performed
a terminal deoxynucleotidyl transferase-mediated
deoxy-uridine 5'-triphosphate (dUTP) nick-end
labeling (TUNEL) assay for PCD by detecting
DNA fragmentation during female sporogenesis
(fig. S8). No cellular abnormality or TUNEL sig-
nal was observed before meiosis (fig. S8, A and
B). Cellular abnormality was observed in mega-
sporocyte undergoing meiosis and afterward in
BalillaORF5+ (fig. S8, C to J). TUNEL signal
occurred earlier and stronger in BalillaORF5+
than in Balilla (fig. S8, C to J). Thus, prema-
ture PCD occurred during female sporogenesis
in BalillaORF5+, resulting in embryo-sac abor-
tion. In contrast, introduction of ORF3+ into
BalillaORF5+ plant by crossing BalillaORF5+
with homozygous BalillaORF3+ restored nor-
mal expression levels of the ER stress-responsive
and PCD-related genes in the hybrid (fig. S9). This
implies that ORF3+ is a suppressor of ORF5+-
induced ER stress and subsequent PCD.

On the basis of these results, we hypothesize
(Fig. 1B) that the activity of extracellular ORF5+
produces a molecule that is sensed by plasma
membrane—localized ORF4+ and eventually trig-
gers ER stress. The ER stress subsequently ac-
tuates the IRE1-mediated splicing of OsbZIP50
mRNA, producing OsbZIP50-S, a transcription fac-

tor that turns on expression of ER stress-responsive
genes, including ORF3. The ER stress is resolved
in the presence of ORF3+, thus producing normal
female gametes. Whereas in the absence of ORF3+,
unresolved ER stress induces PCD-related genes,
causing anomalous PCD, which leads to embryo-sac
abortion, despite the presence of OsBI1. Thus, pro-
teins encoded by ORF3, ORF4, and ORF5 are
elements involved in different stages of the ER stress-
induced PCD pathway regulating hybrid fertility.

We obtained sequences of ORF3, ORF4, and
ORF?5 for 82 accessions of O. sativa, O. rufipogon,
and O. nivara from 16 countries over a diverse
geographical area (table S3). Nineteen haplotypes
were identified containing single-nucleotide poly-
morphisms (SNPs) and insertions/deletions (Indels)
in the coding sequence of ORF3 (fig. S10). Four
of the haplotypes could be placed in the ORF3—
allele group, and 15 classified into the ORF3+
allele group. Five of the 18 haplotypes detected
for ORF4 were classified into the ORF4— group
and 13 into the ORF4+ group. Together with the
three allelic groups identified in ORFS (ORFS5+,
ORF5—, and ORF5n) (32), there are a total of 12
possible combinations formed of the three genes.
We observed 9 of the 12 combinations (table S4).
ORF3+, ORF4+, and ORF5+ was the most
common, especially in the two wild rice species
O. rufipogon and O. nivara. This represents a ba-
lance between killing and protecting the gametes,

Table 3. The effects of ORF4 and ORF5 on spikelet fertility and segregation distortion.

Spikelet

Line or cross Generation S5 genotype Number of plants fertility (%)* P value
BL(N]/N])ORF4+ Ty NJ/N] 24 87.0 £ 0.7 0.31%
NJ/N)JORF4+ 26 89.3 + 1.3
BL(BL/DL) x BL(BL/NJ]) F1 BL/BL 19 84.7 + 0.9 0.00%
BL/DL 16 86.0 £ 1.1
BL/N] 20 51.4 + 1.0
DL/N] 23 81.8 + 1.5
BL(NJ/N])ORF4+ x BL(DL/DL) F1 DL/N] 22 79.1+ 2.6 0.00t
DL/N]JORF4+ 28 39.3+1.9
BL(DL/N]))ORF4+ F, DL/DL 5(19.5)% 0.008
DL/N] 44 (39)
NJ/N] 29 (19.5)
BalillaORF5+ T, BL/BL 8 86.9 + 1.7
BL/BLORF5+ 22 0.01 £0.3
BL(BL/DL) x BalillaORF5+ F1 BL/BL 10 90.7 £ 1.2
BL/DL 10 88.8 + 0.6 0.00]|
BL/BLORF5+ 12 1.0 £ 0.2
BL/DLORF5+ 24 5.9 £ 0.9
BL(BL/DL)ORF5+ F, BL/BL 4 91.8 + 3.7
from: BL/DL 7 90.9 + 1.8 0.00||
BL(BL/DL) xBalillaORF5+ DL/DL 2 90.9 + 1.8
BL/BLORF5+ 16 0.7 £0.3
BL/DLORF5+ 16 3.0+1.1
DL/DLORF5+ 9 90.6 £1.3
BL(NJ/N]) x BalillaORF5+ F1 BL/N] 14 52.6 £ 0.4 0.51t
BL/NJORF5+ 17 52.2 +0.5
*Mean + SEM. tProbability obtained from a t test between the two genotypes of the same cross. $Probability obtained

from a t test of BL/N] genotype against the other three genotypes in the same cross.
IProbability obtained from a t test between the shaded genotypes in

expected numbers based on 1:2:1 ratio are in parentheses.
the same cross. BL, Balilla; DL, Dular; NJ, Nanjing 11.
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§Probability obtained from a 3 test;
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according to our genetic model. The sequence
of the outgroup O. glumaepatula suggested that
ORF3+, ORF4+, and ORF5+ is the ancestral type.
The suicidal combination of ORF3—, ORF4+, and
ORF5+, which would not be able to survive in
nature, was not observed in the sample, although
it would be the easiest to be generated at the pop-
ulation level through mutation and/or recombina-
tion. Two other combinations (ORF3—, ORF4—,
and ORF5+ and ORF3—, ORF4—, and ORF5-)
were not detected because of either their rarity or
the source of sample. This result was congruent
to the proposed genetic model of the killing-
protecting system. The typical indica-like (ORF3+,
ORF4—, and ORF5+) and japonica-like (ORF3—,
ORF4+, and ORF'5-) types were found in wild
rice accessions, suggesting that the ancestors of
indica and japonica rice probably originated be-
fore domestication. Because indica and japonica
rice (also indica-like and japonica-like wild rice)
have distinct ranges of distribution worldwide,
geographical isolation might have played an im-
portant role in maintaining distinctions of the rice
groups as well as the killer-protector system. This
killer-protector system may have a profound im-
plication in the evolution and diversification of
rice. Reproductive isolation enforced by the killer
(ORF4+, ORF5+) would have promoted genetic
differentiation between indica and japonica rice,
which appears to be a major source of genetic di-
versity in the rice gene pool, whereas the protector
(ORF3+) and nonkiller combinations of ORF4
and ORF5 would allow for hybridization and
gene flow, thus providing a coherent force at the
species level.
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Single Reconstituted Neuronal
SNARE Complexes Zipper in
Three Distinct Stages

Ying Gao, Sylvain Zorman, Gregory Gundersen, Zhiqun Xi, Lu Ma, George Sirinakis,

James E. Rothman,* Yongli Zhang*

Soluble N-ethylmaleimide—sensitive factor attachment protein receptor (SNARE) proteins drive
membrane fusion by assembling into a four-helix bundle in a zippering process. Here, we used
optical tweezers to observe in a cell-free reconstitution experiment in real time a long-sought
SNARE assembly intermediate in which only the membrane-distal amino-terminal half of the bundle is
assembled. Our findings support the zippering hypothesis, but suggest that zippering proceeds
through three sequential binary switches, not continuously, in the amino- and carboxyl-terminal
halves of the bundle and the linker domain. The half-zippered intermediate was stabilized by
externally applied force that mimicked the repulsion between apposed membranes being forced
to fuse. This intermediate then rapidly and forcefully zippered, delivering free energy of 36 kgT
(where kg is Boltzmann's constant and T is temperature) to mediate fusion.

tachment protein receptor (SNARE) pro-
teins mediate membrane fusion in the cell,
and in particular the fusion of vesicles stored at
nerve endings to release neurotransmitters for syn-
aptic transmission (/, 2). The neuronal SNAREs
consist of vesicle-associated membrane protein 2
(VAMP2, also called synaptobrevin) on the ves-
icle membrane (v-SNARE) and the binary com-
plex of syntaxin 1 and SNAP-25 on the plasma
membrane (target or t-SNARE) (3, 4). Together
these SNAREs drive membrane fusion by join-
ing into a parallel four-helix bundle (4), which is
envisioned to zipper progressively toward the
membranes (5), providing force that overcomes an
estimated energy barrier of >40 kgT (where kg
is Boltzmann’s constant and 7'is temperature) (6).
Considerable indirect evidence favors the zipper-
ing hypothesis (7—12), but direct observation of
the assembly intermediates and accurate charac-
terization of the zippering energy and kinetics
have been lacking.
We developed a single-molecule manipula-
tion assay to investigate SNARE assembly based

S oluble N-ethylmaleimide—sensitive factor at-
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on high-resolution dual-trap optical tweezers
(Fig. 1A). We cross-linked the N termini of syntaxin
and VAMP?2 by a disulfide bridge and attached
syntaxin by its C terminus to one bead and
VAMP2 to another through a DNA handle (/3).
The experiment was started with a single preas-
sembled SNARE complex containing truncated
syntaxin (187-265) and VAMP2 (25-92) and full-
length SNAP-25 (4, 14) to avoid misassembled
SNARE by-products (10, 15).

The protein-DNA conjugate extended with
the increasing pulling force in a nonlinear manner
predicated by the worm-like chain model (Fig.
1B and fig. S2). However, the monotonic force
and extension curves were interrupted by abrupt
changes caused by SNARE disassembly or re-
assembly (Fig. 1C). Fast reversible transitions ap-
peared in two force regions, the first in the range
of 8 to 13 pN with ~3-nm average extension
change (Fig. 1D and fig. S3) and the second in
the range of 14 to 19 pN with ~7-nm extension
change (Fig. 1D and fig. S4). Both transitions
occurred between two states (fig. S5 and table
S1), manifesting two distinct binary switches
in SNAREs. When the linker domain (LD) of
VAMP2 was deleted, the first transition disap-
peared, whereas the second transition remained
(fig. S6). Thus, the first transition is caused by
reversible folding and unfolding of the LD alone.
The average size of the extension change sug-

gests that a total of 22 (=3, SD) amino acids or 10
amino acids in VAMP2 (83-92) participated in
the transition (fig. S7A). This observation is con-
sistent with a fully zippered LD in a coiled-coil
conformation in solution (Fig. 1B, state 1) as seen
in the crystal structure of the SNARE complex
(4, 16). Further deletion into the C-terminal
SNARE domain of VAMP2 (Vc) abolished the
second transition (fig. S8), which suggests that
this VAMP2 region is involved in the transition.

The additional ~7-nm extension increase from
the LD unfolded state (Fig. 1B, state 2) leads to a
partially zippered SNARE state (state 3, Fig. 1E).
To derive the structure, energy, and kinetics as-
sociated with this state, we measured the real-
time transition involving Vc at different mean
forces (Fig. 1D). The fast two-state transition was
confirmed by hidden-Markov modeling (HMM)
(17) and the histogram distribution of extension
(figs. S5B and S9). On the basis of the measured
extension change and an asymmetrical transition
model (fig. S10) (/8), we found that 26 (+3)
amino acids in VAMP2 (57-82) were unzipped
in the partial SNARE complex (Fig. 1E). This
places the interface of the unzipped Ve and the
zippered N-terminal VAMP2 (Vn) at residue 56
(£5, SD; £1, SEM) or at the central ionic layer of
the bundle. This ionic layer is one of the most
evolutionarily conserved features of all SNAREs
(19), yet with unclear functions. Thus, our result
suggests a possible role of the ionic layer in sta-
bilizing the half-zippered neuronal SNARE struc-
ture crucial for regulation of membrane fusion
(7, 8,12, 18, 20).

The half unfolding probability of Ve (Fig. 2A)
determines an average equilibrium force ( foq) of
17 (2 SD, n = 76) pN, which can be defined as
the maximum force output of V¢ zippering aver-
aged over the accompanying extension change.
This force is the highest equilibrium force re-
ported for any coiled-coil proteins (/7), including
the designed strongest known coiled coil desig-
nated as pIL with an equilibrium force of 12.4 pN
(21). The unfolding probability could be extra-
polated to zero force (14, 17, 22) to reveal the Ve
zippering free energy of 28 (+3) kg7, higher than
the folding energy of pIL [24 (+1) kgT] despite
pIL’s greater length (33 amino acids) (21).

The average Vc zippering rate at the maxi-
mum force output (~160 s ') (Fig. 2B) is also
greater than the equilibrium rate of pIL (<10 s ")
(21). Yet the rate is much less than the estimated
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