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diaminobenzidine (DAB)-based reaction with NiICo- 
enhanced antibody to BrdU as described above, com- 
bined with a standard, nonenhanced reaction reveal- 
ing the cell type. The double-staining for donor- 
derived astrocytes (colocalization of BrdU and CFAP) 
followed a similar protocol with a rabbit polyclonal 
antibody to CFAP (Daco) but with the two secondary 
antibodies (Vector Labs) coupled to different fluoro- 
chromes fluorescein to reveal BrdU and Texas Red 
for CFAP. As noted above, we used multiple indepen- 
dent markers to show unambiguously donor deriva- 
tion of the examined cells; the labeling distribution 
for each of the markers was the same. 
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37. An evaluation of surviving grafted cells in all three 
animals revealed -150 to  200 cells per 35-pm coro- 
nal section in the most densely engrafted areas (usu- 
ally at level I; see Fig. 2) and -10 cells per section in 
the more sparsely engrafted regions. Whether this 
distribution reflects a genuine anterior-posterior de- 
velopmental gradient or simply a stochastic distribu- 
tion of cells or the product of transplantation tech- 
nique cannot yet be determined. An estimate of 
-lo5 hNSC-derived cells were detectable per mon- 
key brain. hNSCs segregated in about a 3:7 ratio 
proportion between subpopulation 1 and subpopula- 
tion 2, respectively. Of subpopulation 1 cells in the 
cortex, 7 to 8% were neurons, 80% were astrocytes, 
and 12% were oligodendrocytes; the neurons were 
almost invariantly in the appropriate laminae II and 
111. 

38. Two of the three pregnant monkeys received cyclo- 
sporin, as described in (23). No histological evidence 
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Genetic self-incompatibility in Brassica is determined by alleles of the trans- 
membrane serine-threonine kinase SRK, which functions in the stigma epider- 
mis, and of the cysteine-rich peptide SCR, which functions in pollen. Using 
tagged versions of SRK and SCR as well as endogenous stigma and pollen 
proteins, we show that SCR binds the SRK ectodomain and that this binding is 
allele specific. Thus, SRK and SCR function as a receptor-ligand pair in the 
recognition of self pollen. Specificity in the self-incompatibility response de- 
rives from allele-specific formation of SRK-SCR complexes at  the pollen-stigma 
interface. 

In self-incompatible Brassica plants, self- and >60% divergence, respectively (1, 5-8). 
pollinations and crosses between genetically Views of SRK as a ligand-activated receptor 
related individuals are nonproductive because kinase and SCR as its ligand are consistent 
self-related pollen grains are inhibited upon with the predicted molecular properties of 
contact with the epidermal cells of the stigma, these molecules and the rapidity of the SI 
a structure that caps the female reproductive response (1,9). The SCR peptide is localized 
organ. Specificity in this self-incompatibility on the surface of pollen grains (10). During 
(SI) response is determined by haplotypes of self-pollination, SCR is predicted to bind the 
the polymorphic S locus. The self-recognition 
molecules encoded by this locus include the 
single-pass transmembrane receptor-like 
serine-threonine kinase SRK, which func- 
tions in the stigma epidermis (1-3) and be- 
comes phosphorylated upon self-pollination 
(4) ,  and the cysteine-rich peptide SCR, which 
functions in pollen (5, 6). These two mole- 
cules are highly polymorphic, with allelic 
forms of SRK and SCR exhibiting 10 to 30% 
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receptor domain of its cognate SRK, thereby 
triggering an intracellular phosphorylation 
cascade that leads to inhibition of pollen hy- 
dration and germination. Specificity in the SI 
response is thought to result from haplotype- 

Fig. 1. Effect of purified 
recombinant SCR pro- 
tein on cross-pollen 
tube development. S& 
stigmas (A) and 5 2 ,  
stigmas (B) were treat- 
ed with SCb-myc-His, 
and pollinated with S,, 
pollen (72). Addition of 
"self" SCb-myc-His, 
triggers inhibition of 
normally compatible S,, pollen on S& but not on 

of inflammatory reaction or of cell rejection was seen 
in any of the three specimens. Experiments of longer 
duration and with grafting at more mature ages will 
be necessary to test whether rejection might ulti- 
mately have occurred; however, there is the sugges- 
tion that, at least at certain stages, an immunotoler- 
ance for NSCs might exist. 
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specific activation of SRK by SCR. Here, we 
describe experiments that demonstrate a 
physical and haplotype-specific interaction 
between SCR and the ectodomain of SRK. 

To investigate the SRK-SCR interaction, we 
generated tagged versions of the two proteins. 
Recombinant eS&,, consisting of the ectodo- 
main of SRK, (from the S, haplotype) and 
carrying a COOH-terminal FLAG epitope tag, 
was expressed as a soluble secreted glycopro- 
tein in Nicotiana benthamiana leaves using the 
potato virus X expression system (11). eSRK, 
protein migrated as two molecular mass forms 
of -63 and 70 kD on SDS-polyacrylamide gel 
electrophoresis (SDS-PAGE), which presurn- 
ably reflect differential glycosylation of 
eSRK,-FLAG in Nicotiana leaves. SCR, and 
SCR,, (the SCRs of the S, and S,, haplotypes, 
respectively) were expressed in bacteria as se- 
creted periplasmic proteins carrying a COOH- 
terminal myc-His, tag (11). They exhibited ex- 
pected masses of -8 and 9 kD, respectively, 
but they migrated as doublets, possibly due to 
inefficient cleavage of the periplasmic signal 
peptide in bacteria. 

Recombinant SCR-myc-His, was shown 
to be biologically active in pollination bioas- 
says (12). Pretreatment of stigmas with puri- 
fied "self" SCR protein (i.e., SJ,  stigmas 
with SCR,-myc-His, or S,$,, stigmas with 
SCR,,-myc-His,) mixed with pollen-coat 
protein carrier (12) caused these stigmas to 
inhibit the germination of normally compati- 

S2S2 stigmas. 
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ble "non-self" pollen (Table 1, Fig. 1A). In 
contrast, "non-self" pollen could develop on 
stigmas treated with "non-self" SCR protein 
(e.g., S& stigmas treated with SCR,,-myc- 
His,) (Table 1, Fig. 1B). Thus, recombinant 
SCR-myc-His activates the S I  response spe- 
cifically in s t b a s  that express the cognate 
SRK. 

SRK and SCR were shown to interact in 
vitro by "pull-down" assays (Fig. 2A) in which 
eSRK, immobilized on FLAG-affhity agarose 
was treated with increasing amounts o f  SCR,- 
myc-His,, and the complexes were subjected to 
immunoblot analysis (13). In addition, an en- 
zyme-linked immunosorbent assay (ELISA) 
(14) showed that eSRK, bound SCR, in a 
concentration-dependent manner (Fig. 2B), 
with a dissociation constant (KJ o f  0.4 X 
10-lo M. In contrast, eSRK, bound poorly to 
SCR,,, even at high concentrations o f  SCRIP- 
myc-His, (Fig. 2B). The -10-fold stronger 
binding o f  eSRK, to self SC% than to non-self 
SCR,, demonstrates the specificity o f  the in 
vitro SRK-SCR interaction and provides a mo- 
lecular basis for haplotype-specificity in the SI 
response. 

To assess whether eSRK, also bound en- 
dogenous SC% from pollen, pollen coat pro- 
teins were extracted from S6 pollen (15) and 
incubated with eSRK, beads, and the resulting 
complexes were subjected to electrophoresis 
under nomducing conditions (13). Under these 
conditions, purified SC&-myc-His, molecules 
migrated as a -16-kD band, likely consisting 
o f  homodimen, with only a small fraction mi- 
grating as monomers (Fig. 2C, lane l). The 
antibodies to SCR, also reacted with -16-kD 
molecules in pollen coat extracts (Fig. 2C, lane 
2), and these cross-reactive molecules were 

bound by  eSRK, in a concentrationdependent 
manner (Fig. 2C, lanes 4 through 9). I t  is not 
known whether these SCR homodimen repre- 
sent the native state o f  SCR in pollen and 
whether homodimerization is required for the 
binding o f  the SCR to SRK in vivo. These 
experiments demonstrate that the SRK ectodo- 
main interacts with endogenous pollen SCR 
and provide biochemical evidence that SCR is a 
component o f  the pollen coat, as suggested by 
the expression pattern o f  the SCR gene (5, 6, 
16) and the immunolocalization o f  SCR to the 

eSRK, from iV benthamiana leaves (Fig. 2D). 
Furthermore, these SCR, beads bound endoge- 
nous SRK, in SGS, stigma microsomal fractions 
(17, 18) but did not bind SRK,, from S,$,, 
stigma micmsomes (Fig. 2D). Similarly, re- 
combinant SCR,, immobilized on Ni-agarose 
beads bound to stigma SRK,, but not to S W .  
Thus, according to our in vitro binding assays, 
SCR can discriminate between allelic forms o f  
SRK that share a substantial amount (-90%) o f  
amino acid sequence identity. The SCR, beads 
also bound-albeit poorly-to SLG,, an abun- 

pollen surface (10). dant glycopmtein component o f  the cell wall o f  
The SRK-SCR interaction was confirmed stigma epidermal cells that exhibits 89% se- 

by  reversing the pul ldown assay. Recombinant quence identity with the SRK, ectodomain and, 
SCR, immobilized on Ni-agarose beads bound like SRK, is encoded by the S locus and exhib- 

Table 1. Inhibition of normally cross-compatible pollen on stigmas pretreated with self recombinant SCR 
protein. Purified SCR-myc-His, proteins were added to the stigma before pollination (IZ), except where 
indicated by (-). In the Pollen coat protein column, "+" indicates that pollen coat protein was added as 
carrier; "-" indicates that no pollen coat protein was added. Pollen tube development data represent 
absence (no) or presence (yes) of pollen tubes. Experimental treatments used two different SCR protein 
preparations and were done in four independent trials, each consisting of two to four pollinated stigmas. 

Stigma Purified recombinant Pollen coat Pollen Pollen tube 
genotype SCR protein development 

SCR, 
SCR13 - 

- 
SCR73 
SCR, - 

SCR, 
SCR,3 
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Fig. 2. Binding of SCR to  the SRK ectodomain. (A) Protein blot analysis of the A - C 
interaction between eSRK,-FLAG and SCR,-myc-His,. eSRK,-FLAG (750 ng) 1 2 3 4 5 6 7  

immobilized on affinity agarose was incubated with increasing amounts of 
SCR,-myc-His, [SO ng (lane 3), 100 ng (lane 4), 500 ng (lane 5), 1 p g  (lane 6), 
and 2 p g  (lane 7)]. lmmunoblots of bead-protein complexes were treated with esRK6 

m -=urn 

-- - - - _ _  79 6 - 
antibodies t o  myc (top panel) to  detect bound SCR or with MabH8 (lower panel) 61.3 D 

t o  confirm that all bead complexes contained equivalent amounts of eSRK,- 7 9 . 6 k ~  

FLAG. SCR,-myc-His, (1 pg), used as positive control (lane I), did not bind .sax6 I- 61.3 

anti-FLAG agarose (lane 2). (B) ELISA of SRK-SCR binding. eSRK,-FLAG (0.5 - 
pg) exhibited high affinity for SCR,-myc-His, (triangles) but weak affinity 
for SCRl,-myc-His, (circles). Values represent an average of three experi- 
ments. (C) Interaction of eSRK,-FLAG with pollen SCR,. eSRK,-FLAG-agarose 
was incubated with 5, pollen coat proteins and subjected t o  nonreducing 
SDS-PAGE (13). Anti-SCR, serum detects SCR, as an -16-kD band (arrow- 
head) and two minor 6- t o  8-kD bands that probably correspond t o  SCR 0 1 2 3 4 5 6  

monomers in bacterial extracts (lane 1) and as an -16-kD band in pollen 
coat protein extracts (lane 3). The serum also cross-reacts nonspecifically 
with several bacterial proteins that are also detected with preimmune serum ...I n g :  
(lane 2) and with three background bands (circles) in FLAG-agarose lacking 
eSRK, (lane 4). Incubation of eSRK,-FLAG-agarose with increasing amounts 
of 5, pollen coat protein 150 ng (lane 4), 100 ng (lane 5), 500 ng (lane 6), 1 p g  (lane 7), 2 p g  (lane 8), and 5 p g  (lane 9)] demonstrates 
concentration-dependent binding of SCR, above the background of nonspecific cross-reactive bands. (D) SCR,-myc-His, pull-down assays. 
SCR,-myc-His, was immobilized on Ni-NTA agarose and incubated with increasing amounts of either eSRK,-FLAG (eSRK,), microsomal extracts 
from 52, (SRK,) and S13Sl, (SRK,,) stigmas, or soluble extracts from S2, (SLG,) and 52, (SLG, and SLRI) stigmas. Untreated eSRK,-FLAG (250 
ng) served as positive control (lane I), and untreated stigma proteins, which did not bind Ni-NTA agarose, sewed as negative control (lane 2). 
The amounts of eSRK,-FLAG used were 50 ng (lane 3), 100 ng (lane 4), 250 n (lane 5), and 500 ng (lane 6). The amounts of stigma microsomal 
or soluble proteins used were 250 ng (lane 3). 500 ng (lane 4). 1 p,g (lane Sf, and 2 p g  (lane 6). Bound proteins were visualized with specific 
antibodies (13). The two bands in  52, stigma microsomal fractions that bind SCR,-myc-His, represent SRK, (lower band, arrowhead), and SLG, 
oligomers (upper band) often detected in stigma extracts (18). 



its extensive S haplotype-associated polyrnor- 
phlsm (19,20). SLG has been shown to migrate 
on SDS-PAGE as a cluster of molecular mass 
forms (Fig. 2D) (21). However, only one of 
these SLG, forms bound to SCR, beads, sug- 
gesting a degree of specificity in the observed 
SLG6-SCR6 binding. Additional evidence for 
specificity is provided by the fmdmg that treat- 
ment of Sg2stigma extracts with SCR, beads 
failed to pull down detectable levels of SLG, or 
of the S-locus related SLRl and SLR2 gene 
products (Fig. 2D), all of which e h b i t  only 
65% amino acid sequence identity to SLG,. 
SLG is thought to function, at least in some 
cases, as an accessory molecule that enhances 
the SRK-mediated SI response (3), possibly by 
contributing to the stabilization and proper mat- 
uration of SRK (18).The interaction observed 
between SCR and SLG suggests that some 
forms of SLG might also function in ligand 
binding. However, the physiological impor- 
tance of this relatively weak interaction remains 
to be determined. 

Our results demonstrate that SCR inter- 
acts with the ectodomain of SRK. Apparent- 
ly, the SRK-SCR interaction does not require 
additional components specific to the stigma 
and pollen surfaces, because the interaction 
was observed between recombinant proteins 
purified from Nicotiana leaves and bacteria. 
The data indicate that specificity in the SI 
response results from S haplotype-specific 
molecular interaction of SCR and SRK, 
which would selectively trigger activation of 
self SRK and a pollen-inhibitory chain of 
events. Analysis of receptor-ligand interac-
tions demonstrated by SRK-SCR and by 
CLV1-CLV3 of Arabidopsis thaliana (22) 
should provide useful paradigms for the study 
of transmembrane receptor signaling and of 
the function and regulation of small diffusible 
peptide ligands in plants. 
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The entire pathway for synthesis of the tyrosine-derived cyanogenic glucoside 
dhurrin has been transferred from Sorghum bicolor t o  Arabidopsis thaliana. 
Here, we document that genetically engineered plants are able t o  synthesize 
and store large amounts of new natural products. The presence of dhurrin in  
the transgenic A. thaliana plants confers resistance t o  the flea beetle Phyl- 
lotreta nemorum, which is a natural pest of other members of the crucifer 
group, demonstrating the potential u t i l i ty  of cyanogenic glucosides in  plant 
defense. 

Cyanogenic glucosides are a group of amino 
acid-derived secondary metabolites that are 
widely distributed in the plant kingdom (1,  
2). When the plant tissue is disrupted by 
herbivore attack, the cyanogenic glucosides 
are degraded into a sugar, a keto compound, 
and hydrogen cyanide (HCN). This cyano- 
genesis confers protection against some, but 
not all, herbivore attacks (1,3). Insects feed- 
ing on cyanogenic plants may have evolved 
mechanisms to detoxify or to sequester cya- 

nogenic glucosides (4-6), which in turn pro- 
tect the insect against predators (7) .  To assess 
the effect of cyanogenesis, i t  is necessary to 
study insects that have not coevolved with 
cyanogenic glucosides. Such insects are 
found among those that specifically feed on 
cruciferous plants, which do not produce cy- 
anogenic glucosides. To render investigations 
in such an experimental system possible, we 
transferred the pathway for cyanogenic glu- 
coside biosynthesis into the cruciferous plant 
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