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The Male Determinant of
Self-Incompatibility in Brassica

Christel R. Schopfer, Mikhail E. Nasrallah, June B. Nasrallah*

In the S locus—controlled self-incompatibility system of Brassica, recognition of
self-related pollen at the surface of stigma epidermal cells leads to inhibition
of pollen tube development. The female (stigmatic) determinant of this rec-
ognition reaction is a polymorphic transmembrane receptor protein kinase
encoded at the S locus. Another highly polymorphic, anther-expressed gene,
SCR, also encoded at the S locus, fulfills the requirements for the hypothesized
pollen determinant. Loss-of-function and gain-of-function studies prove that
the SCR gene product is necessary and sufficient for determining pollen self-
incompatibility specificity, possibly by acting as a ligand for the stigmatic

receptor.

In self-incompatible plants of the genus Bras-
sica, self-related pollen grains are recognized
and prevented from germinating by interac-
tion with the epidermal cells of the stigma,
the receptive surface of the female reproduc-
tive organ. This self-incompatibility (SI) phe-
nomenon is genetically controlled by a com-
plex and polymorphic locus (/, 2). Among
the genes at this S locus is a pair of sequence-
related genes, the cell wall-localized S-locus
glycoprotein (SLG) gene and the plasma
membrane—spanning receptor protein kinase
(SRK) gene, both of which are expressed
specifically in the stigma epidermal cells.
Different variants of the S locus, designated S
haplotypes, are characterized by highly poly-
morphic alleles for SLG and SRK (I, 3, 4).
Although one function of SLG is to stabilize
SRK, SRK itself is viewed as a ligand-acti-
vated receptor kinase and the primary female
determinant of SI (/, 5). Selective binding of
a pollen-borne ligand is thought to initiate a
signal transduction cascade resulting in the SI
pollen rejection reaction. This view requires
that the S locus contain at least one more SI
gene, an as-yet unidentified gene that would
encode the male determinant and provide di-
rectly or indirectly the ligand for the SRK
receptor (6-8).

Recombination analysis of the B. campes-
tris (synonym B. rapa) Sy haplotype has
shown that the male and female SI determi-
nants are contained.in a 65-kb chromosomal
segment encompassing SLGy and SRK; (2,
7). During sequence analysis of the 13-kb
region between SLG, and SRK, we discov-
ered that the 400—base pair (bp) Hind III-
Xba I restriction fragment indicated in Fig.
1A contained a small segment with an unusu-
ally high frequency of cysteine residues in
one of the deducible reading frames. RNA gel
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blot analysis with the 400-bp Hind I1I-Xba I
fragment as probe revealed that this segment
is part of a transcribed gene that is expressed
specifically in anthers (see below). Indeed,
screening of an S, anther cDNA library al-
lowed the isolation of a 450-bp full-length
c¢DNA clone. Sequence comparison of this
clone and the SLG,-SRK intergenic segment
determined that the gene consists of two ex-
ons (110 and 300 bp) separated by an unusu-
ally large intron of 4.1 kb (Fig. 1A). In DNA
gel blot analysis, the 400-bp Hind III-Xba I
probe detected restriction fragments with siz-
es predicted by the restriction map (Fig. 1B).
Thus, we had identified a single-copy, S lo-
cus—encoded, anther-expressed gene, which
we named S locus cysteine-rich protein (SCR)
gene.

S Locus-Associated Polymorphism of
SCR

We isolated SCR cDNA clones from the B.
oleracea strains S; and S;; (9). These two
cDNAs, designated SCR, and SCR, ;, represent
true SCR alleles because they detected the same
size bands as the SCR, probe on Brassica DNA
gel blots. Furthermore, SCR,; and SCR, ; coseg-

regated in F, populations, respectively, with the
SLG,/SRK,; and SLG,;/SRK,; gene pairs as
well as with S and S, ; SI specificities, demon-
strating their genetic linkage to the S'locus (10).
The S haplotype association of SCR was also
demonstrated by DNA gel blot analysis of other
S homozygotes. Under low-stringency condi-
tions, which were used in order to maximize the
detection of possibly highly divergent alleles,
most of the seven S homozygotes we analyzed
exhibited a single band hybridizing with the
SCR probe (Fig. 2A). However, the length of
the restriction fragments varied between strains,
consistent with the notion that the SCR gene
exists as a single-copy gene localized at the
polymorphic S locus. These results confirm that
the SCR gene is a consistent feature of the S
haplotype (11).

Examination of the DNA gel blots also
revealed that the intensity of the hybridiza-
tion signal, a qualitative indication of nucleic
acid sequence similarity, showed S haplo-
type—associated variation. Under low-strin-
gency conditions, an SCR,;-derived probe
hybridized with DNA from the S, S,;, S,
S5, S,0, and Sg homozygotes, albeit with
varying degrees of intensity, but not with
DNA from the S, homozygote (Fig. 2A).
Only simultaneous hybridization with SCR
and SCR; allowed the detection of a weak
hybridization signal in S, DNA (Fig. 2B).
This pattern of S haplotype—associated vari-
ation mirrors that observed for the SLG/SRK
gene pair: Alleles of this gene pair isolated
from the Sy, S;3, S;4 S22, S,0, and Sy haplo-
types share >85% DNA sequence similarity
with each other but only <70% similarity
with alleles isolated from the S, haplotype (3,
4). The parallelism between SCR and SLG/
SRK was also apparent in the hybridization
patterns obtained with the SCR, ; probe under
high-stringency conditions, which resulted in
the loss of hybridizing bands in all S homozy-
gotes except for the B. oleracea S,; and B.
campestris Sg homozygotes (Fig. 2C). This
relatively high interspecific sequence similar-
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Fig. 1. Genomic organization of the SCR, gene. (A) Map of the SLG, -SRKg

intergenic region and of the SCR; cDNA. Restriction sites: B, Bam HI; E,

Eco RI; H, Hind I1I; S, Sac |; and X, Xba I. The translation start sites of 5LGg,

SRKg, and SCRg are marked by arrows. Exons are indicated by filled boxes.

The bar labeled “400-bp probe” indicates the Hind Ill-Xba | fragment used for hybridization
experiments. The positions of cysteine codons in the SCR; cDNA are marked by arrowheads, and
the positions of stop codons flanking the SCR open reading frame are marked by asterisks. (B) DNA
gel blot analysis of SCRs. Genomic DNA from 5,55 homozygotes, digested with Xba | (X), Sac | (S),
Hind Il (H), or Bam HI (B), was hybridized with the 400-bp probe (A).
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ity between SCR,; and SCRy, verified by
sequence analysis (see below), coincides with
the observation that the B. oleracea SLG,,/
SRK, ; gene pair exhibits higher amino acid
sequence similarity to B. campestris SLGy/
SRK, than to other B. oleracea SLG/SRKs

Eco RI Hind il
?: 5, §,8.5:5%,5, $,5,5,5.5.5:5,

Fig. 2. DNA gel blot analysis of SCR in plants
homozygous for the S, S, S;5, 5,4 S, and S,
haplotypes of B. oleracea and the S, haplotype
of B. campestris. Gel blots of DNA digested
with Hind Il or Eco RI were sequentially hy-
bridized with the SCR, ; probe at 65°C (A and C)
and a combined SCR./SCR, probe at 55°C (B)
and washed under low (A and B) or high strin-
gency (C). Final wash solutions were (A) 2X
SET, 0.5% SDS at 65°C, (B) 0.2X SSC, 0.2% SDS
at 55°C, and (C) 0.2X SET, 0.1% SDS at 65°C.

Fig. 3. Expression and 5
functional analysis of SCR.
(A) Gel blots of polyade-
nylated RNA were se-
quentially hybridized with
an SCR probe (SCR; for
lanes 1 to 7, SCR,; for

SCR

lanes 8 to 10, SCR, for lanes 11 to 14) and a Brassica actin probe. Lanes 1 to 7 contain
RNA isolated from B. campestris 5.5, plants: stigmas (lane 1), anthers of 2.5- to
3.9-mm buds containing uni- and binucleate microspores (lane 2), anthers of 4.0- to
5.0-mm buds containing bi- and trinuclear microspores (lane 3), anthers of 5.1- to
6.0-mm buds containing trinuclear microspores (lane 4), anthers of open flowers
containing mature pollen grains (lane 5), leaves (lane 6), and microspores collected
from 4.0- to 6.0-mm buds (lane 7). Lanes 8 to 10 contain anther RNA isolated from
a self-incompatible B. oleracea S,,S,, homozygote (lane 8), a self-incompatible
S35, heterozygote (lane 9), and the self-compatible mutant m7600 (lane 10). Lanes
11 to 14 contain anther RNA from four representative 5,5, plants transformed with
SCRy, three of which express SCR, transcripts (lanes 11, 13, and 14) and one of which
lacks SCR, transcripts (lane 12). (B to F) Pollination response of pollen from SCR,
transformants on S5, stigmas. (B) Pollen from a transformant expressing SCR,
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such as SLG4/SRK; (4). In conclusion, SCR
appears to have coevolved with the SLG/SRK
gene pair.

Function as the Male Determinant of
Sl

To test whether SCR is indeed the male de-
terminant of SI, we initiated a detailed anal-
ysis of both its expression and function. First,
we analyzed the expression of SCR in wild-
type self-incompatible plants by RNA gel
blot analysis (/2). SCR shows an anther-
specific, developmentally regulated expres-
sion profile (Fig. 3A, lanes 1 to 6). SCR
transcripts can be detected in anthers only
after the generation of haploid microspores,
with transcripts accumulating in the micro-
spores (Fig. 3A, lane 7). Therefore, the SCR
gene is active postmeiotically and gameto-
phytically. However, our data do not exclude
expression of SCR in sporophytically derived
cells of the anther such as the tapetum, a
secretory cell layer that lines the anther locule
in which microspores develop and that is a
source for several pollen coat components.
We also analyzed the accumulation of
SCR transcripts in anthers isolated from a
self-compatible mutant B. oleracea strain,
designated m1600, which was generated by
-irradiation of an S,,S,; homozygote (/3).
Reciprocal pollinations between m/600 and
self-incompatible S,;S,; plants had shown
that the lesion in m 1600 resulted in the loss of
S, 3 specificity in pollen but not in stigma. Gel
blot analysis of anther RNA demonstrated
that, in contrast to plants carrying the wild-
type S,; haplotype, m1600 anthers lacked
detectable SCR , ; transcripts (Fig. 3A, lanes 8
to 10). The correlation between loss of pollen
S,; specificity and absence of detectable
SCR, ; transcripts in the m/600 mutant strain
provides strong evidence that SCR is neces-
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[same plant as in (A), lane 11]. (C) Pollen from a transformant without
detectable levels of SCR, transcript [same plant as in (A), lane 12]. Representative details of pollinated 5.5, stigmas display the incompatible
reaction exhibited by pollen from 5.5, plants (D) and 5,5,/SCR; plants (E), and the compatible reaction exhibited by pollen from 5,5,/SCR_
plants (F). Absent or aborted short pollen tubes are indicative of an incompatible reaction and are clearly distinguished from the dense array
of pollen tubes penetrating the stigma in a compatible reaction.

sary for pollen SI specificity.

To obtain definitive proof that SCR func-
tions as the pollen determinant of SI, we
transformed a B. oleracea S,S, homozygous
strain with a chimeric gene consisting of the
SCRy promoter fused to the SCR, cDNA
(I14). Among 14 independent hygromycin-
resistant plants, 12 plants expressed the SCR4
transgene and were designated S,S,/SCR;,
whereas two plants failed to produce detect-
able levels of SCR transcript and were des-
ignated S,S,/SCR (Fig. 3A, lanes 11 to-14).
Pollination assays showed that the stigmas of
the S,S5,/SCR; and S,S,/SCR, plants were
compatible with pollen from S,S; plants, a
response identical to that of the S,S, trans-
formation host strain. Pollen from the two
S,S,/SCRZ plants germinated and produced
pollen tubes on S,S, stigmas (/5) (Table 1
and Fig. 3, C and F). In contrast, pollen from
each of the 12 S,S,/SCR; plants was inhib-
ited by S,S, stigmas (Fig. 3, B and E), even
though pollen was viable as demonstrated by
its ability to elaborate pollen tubes on stigmas
homozygous for an unrelated S haplotype
such as S,, (Table 1). Thus, pollen of S,S,/
SCR; transformants has acquired S, specific-
ity. The correlation of SCR expression with
gain of S, specificity not only proves the
functional involvement of SCR in SI, but also
demonstrates that this gene is sufficient for
determining male SI specificity. With the
identification of SCR as the male SI determi-
nant, we can now define the S locus as a
tightly linked genetic unit encompassing the
array of SLG/SRK and SCR genes.

SCR as a Potential Ligand for the
S-Locus Receptor Kinase

To analyze the structure and polymorphism
of the SCR gene products, we compared the
deduced amino acid sequences of the three
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Table 1. Pollen phenotype of 5,5,/SCR} and 5,S,/SCR, plants assayed on stigmas of S; and S,, homozygotes. The data represent the number of pollen tubes
observed on 5,5, stigmas in at least three experiments performed on different dates, with each experiment consisting of two to three pollinated stigmas. Control
pollinations with S,,S,, stigmas were performed on two different dates.

3 S,S,/SCR,* S,S,/SCR™
' . 5656 S.ZSZ 522’522

? T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 T11 T12 T13 T14
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proteins (GenBank ac- d -
cession numbers

CONSENSUS ~ MKSA.YALLCFIF.VS.H.QE.EANL...C.......G.C....... L A C.C...... T..C.C..C
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timize the alignment.
The arrow marks the  pep-pq
conserved site of the  grgs-arp1

intron, which has a
length of 41 kb in
SCRy, but only 0.75 kb
in SCR,; and 0.88 kb in

SCR,. The putative signal peptides are underlined. The two positions com-
plying with the “(-3,-1)-rule” for signal peptides (77) are indicated. Bold
letters mark amino acids that are identical in at least two sequences. A
consensus sequence is shown with numbered cysteine residues. (B) Cysteine
pattern in mature proteins of the PCP family, represented by PCP-A1 (79),

cloned SCR sequences (Fig. 4A). The SCR
alleles encode polypeptides of 74 to 77 amino
acids, which are hydrophilic except for an
NH,-terminal hydrophobic stretch of 19 ami-
no acids (16). Based on the compliance of
amino acid residues 24 and 26 in the SCR
sequences with the “(-3,-1)-rule” for cleavage
of signal peptides (/7), we predict that the
mature SCR proteins are small (8.4 to 8.6
kD), basic (isoelectric point 8.1 to 8.4), se-
creted proteins. Sequence comparison of the
three SCR preproteins reveals that although
conservation is high in the NH,-terminal re-
gion extending two amino acids beyond the
putative signal peptide cleavage site, conser-
vation in the remaining sequence is limited to
11 amino acids, 8 of which are cysteines.
Indeed, overall sequence identities are only
42, 30, and 37% for the pairwise comparisons
SCR4/SCR, ;, SCR,/SCR,, and SCR/SCR ,
respectively. This extenswe divergence of the
SCR proteins is consistent with their role as
male ST specificity determinants.

Database searches did not identify any sig-
nificant homologies. However, small cysteine-
rich proteins, the pollen coat proteins (PCPs),
have been discussed previously as candidates
for the male SI determinant (/8-20). PCPs are
basic 6 to 8-kD proteins with a cysteine pattern
suggesting a cysteine-stabilized tertiary struc-
ture related to that of plant defensins (2.1). PCPs
constitute the major component in a pollen coat
fraction: that was reported to modify pollen SI
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phenotype (18), but they lack both S-locus link-
age and S haplotype—associated polymorphism.
Therefore, the PCPs analyzed to date are un-
likely to function in SI specificity. The predict-
ed SCR proteins, even though resembling PCPs
in charge and molecular size, have a distinct
cysteine pattern that is most apparent when the
spacing of cysteine residues Cys®, Cys*, and
Cys® in SCR and the PCPs/defensins is. com-
pared (Fig. 4, A and B). Thus, SCRs represent
a new class of small, secreted, cysteine-rich
proteins, distinguishable from members of the
PCP/defensin family. Nevertheless, we specu-
late that the even-numbered cysteine residues in
mature SCR proteins are engaged in disulfide
bridges, as has been shown for the cysteine
residues of defensins and inferred for the ones
of PCPs (19, 21): Although a cysteine-stabi-
lized three-dimensional structure may be com-
mon to SCR proteins, we expect the amino acid
stretches between the cysteine residues, varying
in length and composition between SCR alleles
(Fig. 4A), to form loops at the surface of the
folded protein. By imparting extensive structur-
al diversity on the small SCR polypeptide mol-
ecules, such loops could mediate specificity in
the SI recognition reaction.

Having established that the SCR gene de-
termines pollen SI specificity, we suggest
that the SCR gene product represents the
pollen-borne ligand postulated to activate the
stigmatic SRK receptor. The small hydrophil-
ic polypeptide predicted by the SCR sequence

and the plant defensins, represented by -Rs-AFP1 (27). Lines indicate the
disulfide bridges determined for Rs-AFP by x-ray crystallography. Abbrevia-
tions for the amino acid residues are as follows: A, Ala; C, Cys; D, Asp; E, Glu;
F, Phe; G, Gly; H, His; |, lle; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gln; R, Arg;
S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr.

is expected to localize to the pollen coat after
its secretion from developing microspores
[similar to the secretion of other gameto-
phytically expressed components of the pol-
len coat (19)] and also possibly from cells of
the tapetum. In either case, SCR molecules
would mix readily within the anther locule
and consequently, the pollen coat of all pol-
len grains in an S-locus heterozygote would
incorporate SCR proteins encoded by each of
the two parental S haplotypes, as predicted by
sporophytic control of SI in Brassica (22).
SCR would translocate into the cell walls of
the stigma epidermal cell through the pollen
coat—stigma contact zone. In the case of self-
pollination, SCR would bind to a structurally
complementary SRK receptor, resulting in
activation of the receptor and initiation of a
signal transduction cascade that ultimately
leads to pollen inhibition.
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Molecular Architecture of the
Rotary Motor in ATP Synthase

Daniela Stock,” Andrew G. W. Leslie,2 John E. Walker'*

Adenosine triphosphate (ATP) synthase contains a rotary motor involved in
biological energy conversion. Its membrane-embedded F sector has a rotation
generator fueled by the proton-motive force, which provides the energy re-
quired for the synthesis of ATP by the F, domain. An electron density map
obtained from crystals of a subcomplex of yeast mitochondrial ATP synthase
shows a ring of 10 c subunits. Each ¢ subunit forms an a-helical hairpin. The
interhelical loops of six to seven of the c subunits are in close contact with the
v and 3 subunits of the central stalk. The extensive contact between the c ring
and the stalk suggests that they may rotate as an ensemble during catalysis.

ATP is the universal biological energy cur-
rency. ATP synthase produces ATP from
adenosine diphosphate (ADP) and inorganic
phosphate with the use of energy from a
transmembrane proton-motive force generat-
ed by respiration or photosynthesis [for re-
views, see (/—3)]. The enzyme consists of an
extramembranous F, catalytic domain linked
by means of a central stalk to an intrinsic
membrane domain called F,. The globular F,
domain is an assembly of five different sub-
units with the stoichiometry a;B;v,3,€,. In
the atomic structure of bovine F,, the e and 3
subunits are arranged alternately around a
coiled coil of two antiparallel « helices in the
v subunit. The catalytic sites are in the
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chloroplast € subunits, the counterparts of
mitochondrial 3. ATP-dependent rotation of
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from the thermophilic bacterium Bacillus
PS3 has been observed directly (//, 12). The
rotation of the vy subunit in ATP synthase is
thought to be generated by the passage of
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cleotide affinities. These three states are
probably associated with release of product
(ATP), binding of substrates (ADP and inor-
ganic phosphate), and ATP formation, re-
spectively. The cycle is known as the “bind-
ing change mechanism” of ATP synthesis
(13). In eubacteria, the procedure is revers-
ible, and hydrolysis of ATP in F, generates
rotation -of vy, resulting in the pumping of
protons back across the membrane through F,
.

In contrast to the detailed structural model
established for most of the bovine F,; domain
(4, 14-16) and additional structural informa-
tion in other species (17, 18), little is known
about the structural details of F,. All species
contain three common subunits known as a,
b, and c. In Escherichia coli, the experimen-
tally determined ratio of these subunits is
a,;b,cy 1, (19, 20). Cross-linking and genetic
experiments (21, 22), as well as evolutionary
arguments (23), have been interpreted as
showing the presence of 12 ¢ subunits per F.
From biochemical studies and mutational
analysis in bacteria (2, 24) and fungi (295), it
is known that both a and ¢ subunits contain
functional groups that are essential for proton
translocation through the membrane. A nu-
clear magnetic resonance (NMR) structure of
a monomer of the E. coli ¢ lsubunit in a
chloroform:methanol:water niixture shows
that the protein is folded into,fyo o helices
(presumed to be transmembranéiin the intact
enzyme), linked by a loop (presumed to be
extramembranous) (26). The COOH-terminal
o helix contains a conserved side chain car-
boxylate (Asp®! in E. coli and Glu*® in Sac-
charomyces cerevisiae) essential for proton
translocation (2). Models have been proposed
in which the a and b subunits are on the
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