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The S-locus receptor kinase SRK is a highly polymorphic transmembrane kinase of the stigma epidermis. Through allele-
specific interaction with its pollen coat-localized ligand, the S-locus cysteine-rich protein SCR, SRK is responsible for
recognition and inhibition of self pollen in the self-incompatibility response of the Brassicaceae. The SRK extracellular ligand
binding domain contains several potential N-glycosylation sites that exhibit varying degrees of conservation among SRK
variants. However, the glycosylation status and functional importance of these sites are currently unclear. We investigated
this issue in transgenic Arabidopsis thaliana stigmas that express the Arabidopsis lyrata SRKb variant and exhibit an
incompatible response toward SCRb-expressing pollen. Analysis of single- and multiple-glycosylation site mutations of SRKb
demonstrated that, although five of six potential N-glycosylation sites in SRKb are glycosylated in stigmas, N-glycosylation is
not important for SCRb-dependent activation of SRKb. Rather, N-glycosylation functions primarily to ensure the proper and
efficient subcellular trafficking of SRK to the plasma membrane. The study provides insight into the function of a receptor that
regulates a critical phase of the plant life cycle and represents a valuable addition to the limited information available on the
contribution of N-glycosylation to the subcellular trafficking and function of plant receptor kinases.

INTRODUCTION

In the Brassicaceae, the interaction between pollen grains and
the epidermal cells of the stigma surface is regulated by two
highly polymorphic proteins: the S-locus receptor kinase (SRK),
a single-pass transmembrane kinase that spans the plasma
membrane of stigma epidermal cells, and its ligand, the pollen
coat-localized S-locus cysteine-rich (SCR) protein. These pro-
teins are encoded by two tightly linked genes of the S locus,
variants of which (called S haplotypes) determine specificity in
the self-incompatibility (SI) response, an intraspecific mating
barrier that promotes outcrossing by preventing self-pollination.
SRK and SCR exhibit allele-specific interaction, such that only
SRK and SCR variants encoded by the same S haplotype are
able to interact (Kachroo et al., 2001; Takayama et al., 2001).
Consequently, it is only when stigma epidermal cell and pollen
express the same S haplotype (typically in a self-pollination) that
SCR binds to the extracellular domain of SRK, thus causing
activation of the receptor and the triggering of an SI response
that culminates in the inhibition of pollen tube growth at the
surface of the stigma epidermis.

Amino acid sequence analysis shows the presence in the ex-
tracellular ligand binding domain of SRK of several N-glycosylation
motifs that conform to the consensus sequence Asn-X-Ser/Thr
(N-X-S/T), in which X can be any amino acid except proline. The
presence of these N-glycosylation motifs and previous analysis
of soluble stigma-expressed glycoproteins that share a high
degree of sequence similarity with the extracellular domain of
SRK (Takayama et al., 1989; Umbach et al., 1990) suggest that
SRK is glycosylated. However, it is currently not known which of
the potential N-glycosylation sites in the SRK extracellular do-
main are actually glycosylated in planta and if N-glycosylation of
the receptor is essential for SI. Although a previous study re-
ported that treating stigmas with the N-glycan modification in-
hibitor tunicamycin causes breakdown of the SI response
(Sarker et al., 1988), it is not known if this breakdown of SI was
due to lack of N-glycosylation of the SRK receptor itself or of
another protein required for SI.
Analysis of glycosylated receptors in a variety of systems has

shown that N-glycans, which are covalently attached to the
asparagine residue in N-X-S/T sites, play diverse roles in re-
ceptor function, including protection against proteases, correct
folding and complex assembly, targeting to the cell surface, and
ligand binding (Ohtsubo and Marth, 2006). However, the role of
N-glycosylation can vary drastically among different receptors,
and this modification is dispensable for the synthesis, processing,
or function of some receptors (Everts et al., 1997). Therefore, the
potential importance of this modification for the function of a
particular receptor must be determined empirically.
In this study, we investigated N-glycosylation of SRK using

Arabidopsis thaliana transgenic plants that express the Arabidopsis
lyrata SRKb variant. In previous studies, we had shown that SRKb
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confers intense SI in several accessions of the normally self-fertile
A. thaliana, including the C24 accession, and that C24 plants
expressing SRKb-mediated SI were a highly suitable platform
for analysis of various features of the SRK receptor (Nasrallah
et al., 2004; Liu et al., 2007; Boggs et al., 2009b). We therefore
used the SRKb variant to assess the functional significance of
N-glycosylation of the SRK extracellular domain. We performed
a systematic site-directed mutagenesis study and generated
mutant versions of SRKb lacking varying numbers of potential
N-glycosylation sites. The functionality of mutant SRKb receptors
was assessed in transgenic A. thaliana C24 plants by pollinating
stigmas expressing these mutant receptors with SCRb-expressing
pollen. The accumulation and distribution of wild-type and
mutant receptors were analyzed by biochemical and cytological
methods. The results show that specific N-glycosylation sites
are essential for proper intracellular trafficking of SRK.

RESULTS

The Extracellular Domains of SRK Variants Contain Variable
Numbers of Potential N-Glycosylation Sites

We compiled complete or near-complete sequences for the
extracellular domains of 12 A. lyrata, 2 Arabidopsis halleri, 38
Brassica oleracea, and 32 Brassica rapa SRKs from public data-
bases (Supplemental Table 1). The number of N-glycosylation
motifs in these SRKs ranged from four to nine, and on average, the
A. lyrata, A. halleri, B. oleracea, and B. rapa SRKs were found to
contain 6.4, 6.0, 7.4, and 7.0 potential N-glycosylation sites, re-
spectively (Supplemental Table 1). The SRK sequences were
aligned relative to the sequence of A. lyrata SRKb (accession
number BAB40987) using ClustalW (Larkin et al., 2007). Analysis of
the sequence alignments (Supplemental Data Set 1) revealed that
among the N-glycosylation motifs in SRK variants, three motifs are
highly conserved and occur in >90% of SRK variants, while four
motifs are moderately conserved and occur in 75 to 86% of SRK
variants (Supplemental Data Set 1 and Supplemental Table 2).
The Al-SRK22 variant (accession number ABF71375), which

has only four N-glycosylation motifs, the lowest number in all
SRK variants analyzed (Supplemental Data Set 1), contains only
two of the highly conserved sites (corresponding to amino acid
positions 43 and 389 in SRKb) and one of the moderately con-
served sites (corresponding to position 260 in SRKb). Moreover,
there was some species-specific bias in the conservation of
specific N-glycosylation motifs, with some motifs (e.g., those cor-
responding to positions 115 and 260 in SRKb) being much more
highly conserved in Brassica SRKs than in Arabidopsis SRKs. This
variability in the number and position of N-glycosylation motifs
within and between species suggests that not all potential
N-glycosylation sites are critical for SRK structure and function.
The extracellular domain of SRKb contains six potential

N-glycosylation sites: two highly conserved sites (Asn-122 and
Asn-389), two moderately conserved sites (Asn-245 and Asn-314),
one poorly conserved site (Asn-96), and one site that is unique to
this variant (Asn-337) (Figure 1A; Supplemental Table 2). SRKb
lacks the most N-terminal highly conserved N-glycosylation motif
(amino acid position Lys-43), as well as two moderately conserved

Figure 1. A Requirement of N-Glycosylation Sites in the SRKb Extra-
cellular Domain for the Ability of the Stigma to Inhibit SCRb Pollen.

(A) Schematic structure of the full-length A. lyrata SRKb (top) and its extra-
cellular domain (bottom) showing the location of the four structural subdomains
(LLD1, LLD2, EGF-like, and PAN_APPLE) and hypervariable regions (hvI, hvII,
and hvIII) that characterize SRK extracellular domains. The positions of the
asparagine residues in the N-glycosylation motifs are shown by lollipops.
(B) Microscopic visualization of pollination phenotypes. Representative images
are shown for phenotypes observed after pollination with SCRb pollen of
stigmas from wild-type untransformed plants lacking SRKb [SRKb(-)] and from
transformants expressing wild-type SRKb-FLAG (SRKb) or the mutant SRKb
(000000)-FLAG [SRKb(000000)] protein. Note that stigmas expressing wild-
type SRKb-FLAG exhibit an intense incompatibility responsemanifested by the
failure of SCRb pollen to germinate and elaborate pollen tubes. By contrast,
stigmas expressing the SRKb(000000)-FLAG mutant exhibit a compatible re-
sponse and allow the growth of numerous SCRb pollen tubes similar to the
stigmas of plants lacking SRKb. Bar = 100 mm.
(C) Immunoblot (IB) analysis of SRKb-FLAG proteins from un-
transformed plants [SRKb(-)] and plants transformed with AtS1pro:
SRKb-FLAG [SRKb] and AtS1pro:SRKb(000000)-FLAG [SRKb
(000000)]. The upper panel shows immunoblot analysis with anti-FLAG
antibody, and the lower panel shows Coomassie blue (CBB) staining as
loading control. The asterisk shows a degradation product of SRKb-
FLAG.
[See online article for color version of this figure.]
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motifs (amino acid positions Asp-115 and Asn-260) (Supplemental
Table 2). Previous studies had revealed that the SRK extracellular
region contains three segments that are hypervariable among
SRK variants (hvI, hvII, and hvIII in Figure 1A) (Nishio and Kusaba,
2000; Sainudiin et al., 2005) and are located within a region that
determines specificity in the SRK-SCR interaction (Boggs et al.,
2009a). Moreover, three-dimensional modeling had shown that
this extracellular region consists of four structural subdomains
(Figure 1A): two contiguous lectin-like subdomains, designated
LLD1 and LLD2, located toward the N terminus; a PAN_APPLE
subdomain located at the C terminus; and an intervening region
having low structural similarity to epidermal growth factor (EGF)
modules, which we refer to as the EGF-like domain (Naithani
et al., 2007). As shown in Figure 1A, potential N-glycosylation
sites occur in all four structural subdomains of the extracellular
domain of SRKb: two in LLD1, one in LLD2, two in the EGF-like
domain, and one in the PAN_APPLE domain. Interestingly, only
the N337 potential N-glycosylation site, which is unique to SRKb,
is located in a hypervariable region of the protein.

N-Glycosylation of SRKb Is Required for the Ability of the
Stigma to Inhibit SCRb-Expressing Pollen

To facilitate analysis of SRK N-glycosylation, we expressed tagged
versions of SRKb under the control of the promoter of the At-S1
(Arabidopsis thaliana S-related 1; At3g12000) gene, which is active
specifically in stigma epidermal cells (Dwyer et al., 1994). Three
tagged versions of the protein, each carrying a different tag,
were used: the previously described HA-SRKb, which carries
the hemagglutinin (HA) tag at its N terminus (Boggs et al.,
2009a); SRKb-cYFP, which carries the citrine variant of yellow
fluorescent protein (cYFP) at the C terminus; and SRKb-FLAG,
which carries three tandem FLAG tags (3x FLAG) at the C
terminus. Similar to HA-SRKb (Boggs et al., 2009a), the SRKb-cYFP
and SRKb-FLAG proteins were found to be functional in A. thaliana
C24 plants. As illustrated for SRKb-FLAG in Figure 1B (panel SRKb),
pollination assays of seven independent AtS1pro:SRKb-FLAG
transformants demonstrated that their stigmas inhibited SCRb-
expressing pollen (hereafter SCRb pollen), and this inhibition was
as intense as that exhibited by the stigmas of C24 plants trans-
formed with untagged SRKb. Thus, neither addition of the 3xFLAG
or cYFP tags to the C terminus of full-length SRKb nor addition of
the HA tag to its N terminus disrupted receptor function.

To assess the importance of N-glycosylation for SRK function,
we generated mutant versions of the AtS1pro:SRKb-FLAG
and AtS1pro:HA-SRKb transgenes in each of which all six
N-glycosylation motifs of the SRKb extracellular domain were
abolished by replacing the serine or threonine residues in the N-X-
S/T sites with alanine. These mutant transgenes are hereafter
designated AtS1pro:SRKb(000000)-FLAG and AtS1pro:HA-SRKb
(000000), where a 0 indicates each of the abolished N-glycosylation
sites. Pollination assays in all independent AtS1pro:SRKb(000000)-
FLAG transformants (15 plants) and AtS1pro:HA-SRKb(000000)
(21 plants) showed that stigmas expressing the mutant proteins
failed to inhibit SCRb pollen (Figure 1B, Table 1).

Consistent with the elimination of all N-glycosylation sites,
SRKb(000000)-FLAG and HA-SRKb(000000) exhibited an in-
creased mobility relative to the corresponding tagged versions

of wild-type SRKb upon immunoblot analysis of stigma extracts
with anti-HA or anti-FLAG antibodies, as illustrated for SRKb
(000000)-FLAG in Figure 1C. Importantly, the mutant SRKb
proteins accumulated to levels equivalent to those of wild-type
SRKb protein (Figure 1C). This result excludes the possibility
that suboptimal levels of the SRKb(000000) proteins are re-
sponsible for the inability of stigmas to inhibit SCRb pollen. We
conclude that lack of N-glycosylation compromises the bio-
genesis or function of SRKb.

Five of the Six Potential N-Glycosylation Sites in SRKb Are
Modified in Planta

Next, we asked which of the six potential N-glycosylation sites
in SRKb was actually modified in stigmas. Toward this end, we
used the AtS1pro:HA-SRKb chimeric gene as a template for
generating mutant versions of HA-SRKb in each of which one
potential N-glycosylation site was abolished by replacing the
serine or threonine residue in the N-X-S/T sequence with alanine.
The resulting mutant SRKb proteins are designated HA-SRKb
(011111), HA-SRKb(101111), HA-SRKb(110111), HA-SRKb
(111011), HA-SRKb(111101), and HA-SRKb(111110), in each of
which the numbers between parentheses represent the six po-
tential N-glycosylation sites in the order in which they occur in the
protein, with 0 indicating the abolished N-glycosylation motif and
1 indicating an intact N-glycosylation motif.
Stigma extracts from transgenic plants expressing each of

these mutant SRKb proteins were subjected to immunoblot
analysis using anti-HA antibodies. As shown in Figure 2A, and
with the exception of HA-SRKb(111011), each of the single N-
glycosylation mutants exhibited a slightly increased electro-
phoretic mobility relative to wild-type HA-SRKb, consistent with
the loss of one N-glycan chain. By contrast, the mobility of the
HA-SRKb(111011) mutant was identical to that of wild-type HA-
SRKb (Figure 2A). These results indicate that the N-glycosylation
sites at Asn-96, Asn-122, Asn-245, Asn-337, and Asn-389, but not
Asn-314, are actually glycosylated in vivo. The N-glycosylation
motif at Asn-314 is N-T-S-P (Supplemental Data Set 1), and its
lack of N-glycan modification is consistent with previous reports
showing that N-glycosylation is blocked when the amino acid
residue at the Y position in the N-X-S/T-Y motif is a proline (Gavel
and von Heijne, 1990; Mellquist et al., 1998). Interestingly, in all
SRK variants having an N-glycosylation motif at the equivalent
position, which comprise 75% of all SRKs analyzed, the Y position
is also occupied by a proline (Supplemental Data Set 1). This
observation suggests that this particular N-glycosylation site is
also unmodified in other SRKs. The Asn-314 site was not con-
sidered further in our analysis of SRKb N-glycosylation.

Single, Double, and Triple N-Glycosylation Site Mutants
Reveal the Importance of Specific Sites in SRKb for the
Ability of the Stigma to Mount the SI Response

Pollination assays of transgenic stigmas with SCRb pollen
were performed to assess the effect of eliminating individual N-
glycosylation sites on the stigma’s ability to inhibit SCRb pollen.
As shown in Table 1, some variability was observed among in-
dependent transgenic plants generated by transformation with
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a particular construct with respect to both pollination phenotype
and the number of plants that exhibited a particular phenotype.
Such variability is typically observed in plant transformation
experiments and may be ascribed to differences in transgene
expression levels between transformants. Therefore, for each
SRKb mutant construct analyzed in this study, the pollination
phenotype of the majority of independent transgenic plants
generated, together with the proportion of independent trans-
formants that exhibited this phenotype, was used to assign
a phenotype for a mutant SRKb protein with respect to its ability
to confer an SI response and the strength of this response.

An incompatible response that was as intense as that ob-
served in stigmas expressing wild-type HA-SRKb was observed
in the majority of plants transformed with AtS1pro:HA-SRKb
(011111) (18/20 independent transformants), AtS1pro:HA-SRKb
(110111) (12/15 independent transformants), and AtS1pro:HA-
SRKb(111101) (9/11 independent transformants) (Figure 2B,
Table 1). This result indicates that elimination of individual N-
glycans at the Asn-96, Asn-245, and Asn-337 residues in SRKb
does not disrupt the structure, processing, or function of the
protein. By contrast, in all 19 independent AtS1pro:HA-SRKb
(111110) transformants analyzed, the stigmas failed to inhibit
SCRb pollen (Figure 2B, Table 1). Indeed, the growth of SCRb
pollen tubes was as profuse on these stigmas as on the stigmas
of AtS1pro:HA-SRKb(000000) transformants or wild-type C24
plants lacking SRKb (Figure 2B). It should be noted that the
compatibility of HA-SRKb(111110)-expressing stigmas toward

SCRb pollen was not due to suboptimal levels of the mutant
SRKb protein because the level of SRKb protein was higher in
these stigmas than in stigmas expressing the HA-SRKb(011111)
mutant, which confers a robust incompatibility response toward
SCRb pollen (Figures 2A and 2B).
As for the AtS1pro:HA-SRKb(101111) construct, in which the

N-glycosylation site at Asn-122 was abolished, the majority of
the 13 independent transformants analyzed had stigmas that
accumulated appreciable amounts of SRKb protein (Figure 2A).
Nevertheless, these plants were either fully compatible with
SCRb pollen (10 plants) or they exhibited a weak incompatibility
response (two plants) toward this pollen (Figure 2B, Table 1). In
only one AtS1pro:HA-SRKb(101111) transformant did stigmas
exhibit an intense SI response. These results indicate that
elimination of N-glycosylation at Asn-122 weakens the ability of
the stigma to inhibit SCRb pollen but does not impair the
function of SRKb, including its ability to bind to, and become
activated by, its SCRb ligand.
We also performed a combinatorial N-glycosylation mutant

analysis by constructing AtS1pro:HA-SRKb chimeric genes that
carried double and triple mutations of the Asn-96, Asn-122, Asn-
245, and Asn-337 N-glycosylation sites. Immunoblot analysis of
stigmas expressing each of the resulting HA-SRKbN-glycosylation
mutants confirmed that these proteins were expressed at adequate
levels (Figure 2A). However, and even though single mutations at
the Asn-245 and Asn-337 sites had no effect on the strength of the
SI response, the combined mutations caused varying degrees of
weakening or loss of SI (Figure 2B, Table 1). Based on the results of
this analysis, the four N-glycosylation sites may be arranged in the
following order of decreasing importance for SRKb function: Asn-
122, Asn-245, Asn-96, and Asn-337. Interestingly, this order par-
allels the degree of conservation of the four residues among SRK
variants (Supplemental Table 2) and is therefore likely to apply to
SRKs other than SRKb. This correlation between conservation of
an N-glycosylated residue and its importance for the SI response
is well illustrated by the Asn-337 site. As stated earlier, this site is
unique to SRKb and the only N-glycosylation site that occurs in
a hypervariable region of the protein. Polymorphic residues within
the hvI, hvII, and hvIII hypervariable regions of the extracellular
domain of SRK are generally considered to be responsible for
specificity in the SRK-SCR interaction, although empirical evi-
dence for function exists only for the hvI and hvII regions (Boggs
et al., 2009a). Only a few SRK variants contain N-glycosylation
motifs within their hvIII regions and even fewer within hyper-
variable regions hvI and hvII (Supplemental Data Set 1). This poor
conservation, together with the result of our analysis of the Asn-
337 site in SRKb, suggests that N-glycosylation at sites within the
hypervariable regions of the SRK extracellular domain is likely to
make a relatively minor contribution to the processing or function
of SRK.

The N-Glycosylation Motifs in SRKb Are Required for Proper
Intracellular Trafficking and Efficient Targeting of the
Receptor to the Plasma Membrane

Plasma membrane-localized receptor kinases are transported
to the plasma membrane (PM) after folding and assembly in
the endoplasmic reticulum (ER) (Benham, 2012). Because

Table 1. Pollination Phenotype of Stigmas Expressing N-Glycosylation
Site Mutants of HA-SRKb

Transgene
Total No. of
Transformants

No. of SCRb Pollen
Tubes Produced
per Stigma

<5a 6–20a Na

HA-SRKb 17 14 0 3
HA-SRKb(000000) 21 0 0 21
HA-SRKb(011111) 20 18 0 2
HA-SRKb(101111) 13 1 2 10
HA-SRKb(110111) 15 12 0 3
HA-SRKb(111011) 6 6 0 0
HA-SRKb(111101) 11 9 0 2
HA-SRKb(111110) 18 0 0 18
HA-SRKb(001111) 17 0 0 17
HA-SRKb(100111) 9 0 0 9
HA-SRKb(101101) 14 0 3 11
HA-SRKb(010111) 21 3 6 12
HA-SRKb(011101) 8 4 2 2
HA-SRKb(110101) 14 11 1 2
HA-SRKb(010101) 13 0 7 6

For each construct, the table shows the number of transformants in
which stigmas exhibited strong, weak, or no incompatibility toward
SCRb pollen.
aNumber of pollen tubes produced per stigma after pollination with SCRb
pollen. Intense and weak incompatibility responses are manifested by
the growth of <5 and 6 to 20 pollen tubes per stigma, respectively. A
compatibility response is manifested by the growth of pollen tubes that
were too numerous to count (N).
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N-glycosylation of proteins that are targeted to the cell surface
often facilitates proper folding and complex assembly, which are
required for exit from the ER and subsequent targeting to the PM
(Ruddock and Molinari, 2006), we hypothesized that the SRKb N-
glycosylation site mutants that did not confer SI in any of the
transformants analyzed might not be targeted efficiently to the
PM. To test this hypothesis, three different assays were used to
compare the subcellular localization of these mutants to that of
wild-type SRKb. First, we used the aqueous two-phase parti-
tioning method, which partitions microsomes into two fractions:
one enriched in the PM and another enriched in intracellular
membranes (Larsson, 1985; Stein et al., 1996). Microsomes pre-
pared from floral buds collected from AtS1pro:SRKb-FLAG and
AtS1pro:SRKb(000000)-FLAG transformants were subjected to
two-phase partitioning, and the resulting fractions were used for
immunoblot analysis with antibodies raised to the PM-specific
marker H+-ATPase, the ER-specific BiP marker, and the FLAG
epitope to detect the SRKb proteins. As shown in Figure 3A,
the partitioning method achieved substantial enrichment of the
PM and intracellular membranes, with only a low level of cross-
contamination between the two fractions (Figure 3A).

The wild-type SRKb-FLAG protein was detected in the PM-
enriched fraction, indicating that the protein is localized at the
PM. However, it was also detected in the intracellular membrane-
enriched fraction (Figure 3A), possibly because high-level
expression from the highly active At-S1 promoter allows de-
tection of the protein as it transits through the secretory path-
way. In contrast to SRKb-FLAG, the SRKb(000000)-FLAG
mutant protein was detected primarily in the intracellular mem-
brane fraction (Figure 3A). The very small amount of SRKb
(000000)-FLAG detected in the PM fraction parallels the small
amount of the ER marker BiP present in this fraction and is
therefore likely due to contamination of the PM fraction with ER
and possibly other intracellular membranes. We conclude that
SRKb(000000)-FLAG protein is transported very inefficiently, if
at all, to the PM.
In a second assay, we compared the subcellular localization

of wild-type SRKb-FLAG and the SRKb(111110)-FLAG mutant
by examining the electrophoretic migration of these proteins
before and after treatment with Endoglycosidase H (Endo H).
Endo H specifically cleaves the high mannose-type N-glycans
that are attached to proteins in the ER but does not cleave

Figure 2. Varying Effects of Single, Double, and Triple N-Glycosylation Mutants of SRKb on the SI Response.

(A) Immunoblot analysis of HA-tagged SRKb proteins. Total proteins from flower buds of untransformed wild-type plants lacking SRKb [SRKb(-)] and
plants expressing wild-type HA-SRKb (SRKb) or the indicated N-glycosylation site HA-SRKb mutants were analyzed by immunoblot (IB) analysis with
anti-HA antibody (upper panel). Coomassie blue (CBB) staining is shown as loading control (lower panel). Pollination phenotypes, as determined by
pollinating stigmas with SCRb pollen, are shown below each lane (SC, self-compatible; SI, self-incompatible; wSI, weakly self-incompatible).
(B) Microscopic visualization of pollination phenotypes. Representative images are shown for phenotypes observed after pollination with SCRb pollen
of stigmas that express mutant HA-SRKb proteins carrying single (top row), double (middle row), and triple (leftmost panel in the bottom row) N-
glycosylation site mutations, stigmas expressing HA-SRKb(000000), stigmas expressing wild-type SRKb (SRKb), and stigmas lacking SRKb [SRKb(-)].
Bar = 100 mm.
[See online article for color version of this figure.]
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Golgi-modified complex N-glycans (Maley et al., 1989). Conse-
quently, the sensitivity or resistance of N-glycans to Endo H
digestion is commonly used as a convenient assay for de-
termining if secreted glycoproteins contain complex N-glycans
(i.e., show resistance to Endo H digestion), an indication that
they have exited the ER and entered the Golgi apparatus on their
way to the cell surface. In plants, sensitivity to Endo H digestion
has been used to assess the subcellular localization of the
BRASSINOSTEROID INSENSITIVE1 (Jin et al., 2007, 2009;
Hong et al., 2008), FLAGELLIN SENSITIVE2 (FLS2) (Lee et al.,
2011), and EFR (Nekrasov et al., 2009) receptors and specifically
to assay for receptor exit from the ER.

To assay for the sensitivity of wild-type SRKb and the SRKb
(111110)-FLAG mutant to Endo H, floral bud extracts were
treated with Endo H and analyzed by immunoblotting with anti-
FLAG antibody. As shown in Figure 3B, wild-type SRKb-FLAG
migrated as a discrete ;105-kD band in untreated samples, and
;50% of the molecules in this ;105-kD band were converted
by Endo H to a discrete ;90-kD band. This result indicates that
the ;105-kD species corresponds to SRKb proteins that con-
tain Endo H-resistant complex N-glycans. For their part, the
;90-kD SRKb-FLAG species are similar in molecular mass to
the 94.1 kD predicted from the amino acid sequence of the SRKb
protein, suggesting that they correspond to the deglycosylated
form of the protein. This possibility was confirmed by analysis of
SRKb-FLAG proteins extracted from cells treated with tunicamycin,
an inhibitor of N-glycosylation that causes cells to produce pro-
teins lacking N-glycans. Because tunicamycin treatment cannot
be efficiently performed in stigma epidermal cells, we utilized
an A. thaliana leaf protoplast expression system in which SRKb-

FLAG was expressed transiently (see Methods). As shown in
Figure 3B, when treated with Endo H, the deglycosylated SRKb-
FLAG protein extracted from tunicamycin-treated cells exhibited
the same electrophoretic shift from an ;105 kD species to an
;90-kD species as was observed for Endo H-treated SRKb-
FLAG from floral bud extracts. Moreover, treatment of tunicamycin-
treated cell extracts with Endo H did not cause a shift in the
mobility of the deglycosylated SRKb-FLAG protein. These re-
sults, together with the fact that the ;90-kD SRKb-FLAG pro-
teins produced by Endo H treatment migrate as a discrete band
(rather than a wide fuzzy band), are consistent with complete
removal of N-glycans and indicate that the various N-glycans
on the SRKb protein were accessible to the Endo H enzyme in
our assays. Similar results were obtained for other plant re-
ceptors, which also migrate as discrete bands after Endo H
treatment (Jin et al., 2007, 2009; Hong et al., 2008; Nekrasov
et al., 2009).
Thus, Endo H digestion revealed that ;50% of wild-type

SRKb-FLAG proteins contain complex N-glycans and therefore
must have exited the ER and are likely localized at the PM,
consistent with the approximately equal distribution of the
SRKb-FLAG protein observed in PM and intracellular membrane
fractions obtained by two-phase partitioning. By contrast, the
entire pool of the SRKb(111110)-FLAG mutant receptor was
converted to an;90-kD species upon Endo H treatment, and no
;105-kD forms of this mutant were detected (Figure 3B), in-
dicating that the bulk of this mutant receptor is not targeted to
the PM and is likely trapped in the ER.
In a third assay, and to determine if the mutant SRKb-cYFP

proteins do indeed accumulate in the ER, the localization of

Figure 3. Biochemical Analysis of the Effects of N-Glycosylation Site Mutations on the Subcellular Localization of SRKb.

(A) Subcellular distribution of wild-type SRKb-FLAG (SRKb) and mutant SRKb(000000)-FLAG [SRKb(000000)] in fractions enriched for PM and in-
tracellular membranes (non PM). Protein fractions were subjected to immunoblot (IB) analysis with anti-FLAG antibody to detect SRKb-FLAG proteins
and with antibodies raised against the H+-ATPase plasma membrane marker or the BiP ER marker to assess specific membrane enrichment.
(B) Sensitivity of SRKb proteins to digestion with Endo H. The left-hand panel shows the results of immunoblot analysis of total proteins extracted from
flower buds of wild-type untransformed plants lacking SRKb [SRKb(-)] and transformants expressing wild-type SRKb-FLAG or the SRKb(111110)-FLAG
mutant that were left untreated (2) or treated with (+) Endo H at 37°C for 1 h. The upper image shows an immunoblot probed with anti-FLAG antibody
and the lower image shows Coomassie blue (CBB) staining as loading control. The right-hand panel shows the results of immunoblot analysis of total
proteins extracted from leaf protoplasts that transiently expressed wild-type SRKb-FLAG before and after treatment with Endo H, tunicamycin, or both
Endo H and tunicamycin. The glycosylated and deglycosylated forms of SRKb are indicated by arrowheads and arrows, respectively. The asterisks
indicate bands that likely represent degradation products of SRKb-FLAG and SRKb(111110)-FLAG. Note that the product of Endo H digestion exhibits
the same electrophoretic migration as the deglycosylated SRKb-FLAG proteins produced by cells treated with tunicamycin or with both Endo H and
tunicamycin.
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cYFP-tagged wild-type and mutant SRKb proteins was visualized
by confocal laser scanning microscopy in the stigma epidermal
cells of AtS1pro:SRKb-cYFP, AtS1pro:SRKb(000000)-cYFP,
and AtS1pro:SRKb(111110)-cYFP transformants that also ex-
pressed an ER marker tagged with the mCherry (mC) variant of
red fluorescent protein (Nelson et al., 2007; see Methods).
Figure 4 shows that wild-type SRKb-cYFP produced an in-
tense signal that was primarily localized at the cell periphery
and did not colocalize with the mC-ER marker, consistent with
localization of the receptor at the PM. By contrast, the SRKb
(000000)-cYFP and SRKb(111110)-cYFP mutant proteins were
detected only in intracellular compartments and their signal
colocalized perfectly with the mC-ER marker (Figure 4), demon-
strating that they accumulate in the ER and are poorly, if at all,
targeted to the PM. Together, the biochemical and confocal
microscopic data demonstrated that modification of the N389-
C390-T391 N-glycosylation site disrupts intracellular trafficking

of SRKb and its efficient targeting to the PM, causing accu-
mulation of mutant receptor proteins in the ER.
An apparent discrepancy between the results of Endo H

treatments and confocal microscopy requires clarification. While
Endo H treatment indicated that 50% of wild-type SRKb-cYFP
proteins do not exit the ER (Figures 3A and 3B), confocal mi-
croscopy of stigmas expressing wild-type SRKb-cYFP failed to
detect a strong intracellular cYFP signal. Rather, it showed only
a very faint cYFP signal in intracellular compartments, and this
signal was only visible upon careful inspection of the confocal
images (Figure 4). These apparently conflicting results are most
likely due to inherent differences in the surface areas of the ER
and the PM. Indeed, similar to the ER in other cells, the ER of
stigma epidermal cells has a membrane surface area that is ;15
to 20 times larger than that of the plasma membrane, as de-
termined by measurements made on transmission electron mi-
croscopy images generated in our laboratory (Kandasamy et al.,

Figure 4. Microscopic Analysis of the Effects of N-Glycosylation Site Mutations on the Subcellular Localization of SRKb.

The confocal microscopic images show the results of colocalization experiments of wild-type SRKb-cYFP, SRKb(000000)-cYFP, and SRKb(111110)
proteins with an mCherry-labeled ER marker [mC (ER)] in stigma epidermal cells. The images show cYFP (yellow; left column), mC (red; middle column),
and merged (right column) images that were captured for the same field of view. Note that wild-type SRKb-cYFP (top row) is primarily localized at the
cell periphery (arrow), with only a weak signal observed in intracellular compartments (arrowhead), while the mutant SRKb(000000)-cYFP and SRKb
(111110)-cYFP proteins are primarily localized in intracellular compartments (bottom two rows). Also note that the ER marker does not colocalize with
the strong wild-type SRKb-cYFP but does colocalize perfectly with SRKb(000000)-cYFP and SRKb(111110)-cYFP proteins. The fact that the strong
signals emanating from the ER marker, SRKb(000000)-cYFP, and SRKb(111110)-cYFP are distributed toward the outer edges of the protoplast reflects
the presence of a large central vacuole that causes the cytoplasm and ER to be closely appressed to the PM in stigma epidermal cells, as in other plant
cells. Bar = 10 mm.
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1989; Umbach et al., 1990), and any SRKb signal that emanates
from the ER would be significantly diluted and would not be
easily detected by confocal microscopy.

We next asked if the failure or reduced ability of other SRKb
N-glycosylation site mutants to confer SI were also correlated
with aberrant sensitivity of SRKb to Endo H. To address this
issue, we compared the relative proportions of the ;105- and
;90-kD SRKb protein species produced upon Endo H treatment
of extracts from floral buds that express wild-type SKRb-FLAG
to (1) those that express SRKb(001111)-FLAG or SRKb(100111)-
FLAG, both of which fail to confer an SI response toward SCRb
pollen, and (2) those that express SRKb(101111)-FLAG, which
confers a weak SI response (Table 1). As shown in Figure 5, the
fractions of the ;105-kD mutant proteins were drastically re-
duced upon Endo H treatment of mutant SRKb samples relative
to wild-type SRKb-FLAG samples. These reductions were par-
ticularly severe in the case of SRKb(001111)-FLAG and SRKb
(100111)-FLAG and somewhat less severe in the case of SRKb
(101111)-FLAG (Figure 5), consistent with the fact that stigmas
expressing these receptors exhibited complete and partial loss
of SI, respectively. These results indicate that abolishing the
Asn-96, Asn-122, and Asn-245 N-glycosylation sites severely
disrupts the proper subcellular trafficking of SRKb proteins.
Furthermore, the similarity of the electrophoretic shifts produced
upon Endo H treatment of these mutant receptors to those
observed for the SRKb(000000)-cYFP and SRKb(111110)-cYFP
mutants suggests that the SRKb(001111)-FLAG, SRKb
(100111)-FLAG, and SRKb(101111)-FLAG proteins are not, or
only very inefficiently, translocated to the PM.

The Thr-391 Residue in SRKb, but Not N-Glycosylation at
Asn-389, Is Required for the SRKb-Mediated SI Response

The N389-C390-T391 N-glycosylation motif is conserved in the
vast majority of SRKs but is absent in three SRK variants,
namely, B. rapa Br-SRK53 (Supplemental Data Set 1) and the A.
halleri variants Ah-SRK2 and Ah-SRK14 (Supplemental Data Set
2), in which the NCT motif is replaced by KCT, NCL, and SCT,
respectively. This observation indicates that N-glycosylation at
the Asn-389 site is dispensable for SRK function and suggests
that the inability of the SRKb(111110) mutant to confer SI might
be due to a structural change resulting from the T391A mutation
rather than to loss of the N-glycan at the Asn-389 position.

To test this possibility, we generated an SRKb-FLAG mutant
in which N-glycosylation at the Asn-389 site was abolished by
replacing the Asn-389 residue with glutamine (Q), and we ex-
amined the ability of the resulting SRKb(N389Q)-FLAG mutant to
confer SI. Unlike AtS1pro:SRKb(111110) transformants, none of
which exhibited an incompatible response toward SCRb pollen
(Table 1), the stigmas of 10 of 14 AtS1pro:SRKb(N389Q)-FLAG
transformants showed an intense incompatible response toward
SCRb pollen (Figure 6A, Table 2). Consistent with this pheno-
type, SRKb(N389Q)-FLAG exhibited the same sensitivity to
Endo H as wild-type SRKb-FLAG, i.e., it produced approxi-
mately equal proportions of the ;105- and ;90-kD protein
species upon Endo H treatment (Figure 6B). This result indicates
that the Thr-391 residue itself, rather than N-glycosylation at the
Asn-389 residue, is critical for exit of SRKb from the ER.

The Thr-391 Residue Adjoins Two Critical Cysteine
Residues of the SRK PAN_APPLE Domain

The Thr-391 residue of SRKb is located within the PAN_APPLE
domain, which forms the C terminus of the extracellular region of
the receptor (Figure 1A). Consistent with the fact that PAN_
APPLE domains are typically protein-protein interaction do-
mains (named for their apple-like shape), the PAN_APPLE
domain of SRK was previously shown by interaction studies in
yeast to be required for ligand-independent dimer formation of
the extracellular regions of SRKs (Naithani et al., 2007). Three-
dimensional modeling of the SRK PAN_APPLE domain predicts
a b-sheet structure consisting of five antiparallel b-sheets
(designated b1 through b5) and an a-helix connected to the core
b-sheet structure by two disulfide bonds that link four of the six
cysteine residues found in this domain (Naithani et al., 2007).
Of particular interest for our study is the loop region between

the a-helix and the b3 sheet (Naithani et al., 2007). In both the B.
oleracea SRK6 variant originally used for three-dimensional
modeling (Naithani et al., 2007) and in the SRKb variant analyzed
here, this loop region contains the C388-N389-C390-T391 se-
quence. In this critical sequence, the Cys-388 residue is pre-
dicted to be free and available for disulfide bond formation with
cysteine residues outside the PAN_APPLE domain, the Cys-390
residue is predicted to form an intramolecular disulfide bridge

Figure 5. Sensitivity to Endo H of Additional SRKb N-Glycosylation
Mutants That Fail to Confer SI.

Total proteins from flower buds of wild-type untransformed plants
lacking SRKb [SRKb(-)], plants expressing wild-type SRKb-FLAG
(SRKb), and plants expressing the SRKb(101111), SRKb(001111)-FLAG,
and SRKb(100111) mutant proteins were left untreated (2) or treated with
(+) Endo H. The glycosylated and deglycosylated forms of SRKb proteins
are indicated by arrowheads and arrows, respectively. The asterisks in-
dicate bands that likely represent degradation products of SRKb pro-
teins. Note that the apparent slower mobility of bands in the right-hand
lanes relative to those in the other lanes is due to irregular electrophoretic
migration of proteins across the gel, as demonstrated by the reduced
mobility of the Endo H band within the same lanes (Coomassie blue
[CBB] panel).
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Figure 6. Functional and Electrophoretic Analysis of SRKb Mutants Carrying Cysteine and N-Glycosylation Motif Mutations in an Essential Region of
the SRKb PAN_APPLE Domain.

(A) Microscopic visualization of pollination phenotypes. Representative images are shown for pollination phenotypes observed after pollination with
SCRb pollen of stigmas expressing the FLAG-tagged SRKb(N389Q), SRKb(C388S), and SRKb(C390S) mutants, or wild-type SRKb (SRKb), and stigmas
from untransformed plants lacking SRKb [SRKb(-)]. Bar = 100 mm.
(B) Sensitivity to Endo H of FLAG-tagged wild-type SRKb, SRKb(N389Q), SRKb(C388S), and SRKb(C390S) proteins. The glycosylated and
deglycosylated forms of SRKb proteins are indicated by an arrowhead and arrow, respectively. Sample preparation, enzymatic treatment, and labeling
of figure panels were as in Figure 3B. The asterisk indicates a band that likely represents a degradation product of SRKb-FLAG. Note that the SRKb
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with Cys-384, and the Thr-391 residue is essential for PM tar-
geting of SRKb as shown in this study. The Thr-391 residue,
which is located at one edge of the b3 sheet, is conserved in all
SRK variants except for Ah-SRK2, in which it is replaced by
leucine (Supplemental Data Set 2). While leucine, like threonine,
is often found in b-sheet structures, the alanine residue in-
troduced by the T391A mutation is infrequently observed in
b-sheet regions (Chou and Fasman, 1978). Based on these
observations, we hypothesized that the T391A mutation we in-
troduced in SRKb is structurally disruptive and might affect the
formation of C390-mediated intramolecular and/or C388-mediated
intermolecular disulfide bonds.

We examined the importance of the Cys-388 and Cys-390
residues by replacing each of these cysteines with serine (S) in
the AtS1pro:SRKb-FLAG gene. Pollination assays revealed that
the stigmas of all plants expressing the resulting SRKb(C388S)-
FLAG (19 plants) and SRKb(C390S)-FLAG proteins (13 plants)
failed to inhibit SCRb pollen (Figure 6A, Table 2). Thus, the Cys-
388 and Cys-390 residues are essential for the SRKb-mediated
SI response. Interestingly, both SRKb(C388S)-FLAG and SRKb
(C390S)-FLAG proteins exhibited complete sensitivity to Endo H
digestion. The lack of complex N-glycan-containing forms of
these SRKb mutants (Figure 6B), which is indicative of retention
in the ER, suggests that these mutant proteins are unlikely to be
transported efficiently, if at all, to the PM.

Proper Disulfide Bridge-Mediated Complex Formation of
SRKb Is Required for Targeting of the Receptor to the
Plasma Membrane

A possible explanation for the observation that several of the
SRKb mutants analyzed in this study exhibit defective in-
tracellular translocation is that these proteins might form aber-
rant higher-order complexes that cause them to be trapped in
intracellular compartments, as shown for several mammalian
proteins such as the null Hong Kong variant of human a1-trypsin
(Hosokawa et al., 2006) and the unassembled J chains of
polymeric immunoglobulins (Mezghrani et al., 2001). In a pre-
liminary test of this possibility, we compared the propensity of
wild-type and mutant SRKb-FLAG proteins to form disulfide
bridge-mediated dimers and higher-order oligomers. We
prepared total proteins from floral buds expressing wild-type
SRKb-FLAG, SRKb(C388S)-FLAG, SRKb(C390S)-FLAG, SRKb
(000000)-FLAG, and SRKb(111110)-FLAG in the presence of
iodoacetamide, a reagent that alkylates thiol groups and pre-
vents spurious disulfide-bridge formation during sample prep-
aration (Hollecker, 1997). The protein samples were subjected to

SDS-PAGE under nonreducing and reducing conditions fol-
lowed by immunoblot analysis with anti-FLAG antibody.
As shown in Figure 6C, only protein species that migrated

with the apparent molecular masses expected for the mono-
meric forms of wild-type and mutant SRKb-FLAG proteins were
detected under reducing conditions. By contrast, nonreducing
conditions produced complex electrophoretic patterns. In wild-
type SRKb-FLAG samples, we observed SRKb-FLAG mono-
mers as well as a higher molecular mass species (Figure 6C) that
must correspond to SRKb-FLAG complexes produced by the
formation of intermolecular disulfide bridges because they are not
detected in the presence of the reducing agent b-mercaptoethanol.
A similar electrophoretic pattern consisting of a monomeric and
a high molecular mass species was also observed under nonre-
ducing conditions for the SRKb(C388S)-FLAG and SRKb(C390S)-
FLAGmutant proteins (Figure 6C), suggesting that cysteine residues
other than Cys-388 and Cys-390 contribute to the formation of
these higher-order SRKb complexes.
Careful inspection of the electrophoretic patterns generated

for wild-type SRKb-FLAG samples under nonreducing con-
ditions showed a faint smear of very slow-migrating molecular
species that likely consists of heterogeneous disulfide-bonded
aggregates of SRKb with itself or with other molecules (Figure
6C). Interestingly, comparison of wild-type and mutant SRKb-
FLAG samples showed that both the amount and molecular
mass of these aggregates were increased drastically in SRKb
(C388S)-FLAG, SRKb(000000)-FLAG, and SRKb(111110)-FLAG
samples, but only moderately in SRKb(C390S)-FLAG samples
(Figure 6C). The results suggest that the C388S, C390S, and
T391Amutations affect the formation or accumulation of disulfide-
mediated SRKb complexes and that the generation of high mo-
lecular mass SRKb aggregates is mediated in part by the Cys-390
residue.

DISCUSSION

In this study, we investigated the importance of N-glycosylation
for the ability of the SRK receptor to confer SI in transgenic A.
thaliana. Our mutagenic analysis of N-glycosylation motifs in the
SRKb receptor demonstrated that five of six N-glycosylation
motifs found in the SRKb extracellular domain are modified in
planta and that abolishing all of these motifs resulted in SRKb
molecules that failed to confer SI. However, further analysis of
SRKb N-glycosylation site mutants indicated that elimination of
N-glycosylation sites either singly or in various double and triple
combinations does not disrupt the SCRb-dependent activation

Figure 6. (continued).

(C388S) and SRKb(C390S) proteins migrate slightly more slowly than wild-type SRKb, likely due to the C-to-S substitution, which has been shown to
cause a slight reduction in electrophoretic mobility in other proteins (Sakoh-Nakatogawa et al., 2009).
(C) Detection of disulfide bond-mediated SRKb complexes in stigmas expressing FLAG-tagged wild-type SRKb, SRKb(C388S), SRKb(C390S), SRKb
(000000), and SRKb(111110). Total proteins were prepared from flower buds in the presence of 15 mM iodoacetamide, subjected to SDS-PAGE in the
presence of b-mercaptoethanol (reducing [+bME]) or in the absence of b-mercaptoethanol (nonreducing [-bME]), followed by immunoblot (IB) analysis
with anti-FLAG antibody. Coomassie blue (CBB) staining is shown as loading control. Bands corresponding to SRKb monomers and complexes are
indicated. The asterisks show a degradation product of SRKb-FLAG and SRKb(111110).
[See online article for color version of this figure.]
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of the receptor. Indeed, all but one of the single N-glycosylation
mutants and several of the double mutants we analyzed retained
the ability to confer an intense SI response, while other double
and triple mutants conferred a weakened but still evident SI
response. Moreover, even in the case of the one N-glycosylation
site, Asn-389 in the N389-C390-T391A motif, whose elimination
did abrogate the SI response, our results indicated that it was
the structural disruption caused by the T391A mutation rather
than the lack of an N-glycan chain at this site that caused
breakdown of SI. Thus, SRKb is more similar to the A. thaliana
FLS2 (Sun et al., 2012) and the Medicago truncatula NFP
(Lefebvre et al., 2012) receptor-like kinases, which are insensitive
to disruption of its N-glycosylation sites, than to the A. thaliana
EFR and tomato (Solanum lycopersicum) Cf-9 receptors, which
are inactivated by disruption of even single N-glycosylation sites
(van der Hoorn et al., 2005; Häweker et al., 2010; Saijo, 2010).

Our analysis of SRKb N-glycosylation mutants that fail to
confer SI indicates that N-glycosylation of the SRKb extracel-
lular domain functions primarily to ensure the proper and effi-
cient trafficking of SRKb to the PM. Indeed, we found that SRKb
N-glycosylation mutant proteins were not detected in the PM
fraction upon two-phase partitioning of stigma extracts, that
these proteins lacked Endo H-resistant complex N-glycans or
contained drastically reduced levels of these N-glycans, and
that they colocalized with an ER marker in optical sections of
stigma epidermal cells. These observations are all consistent
with the conclusion that the SRKb N-glycosylation site mutants
are trapped in intracellular compartments, specifically the ER, in
contrast to wild-type SRKb, a major fraction of which exits the
ER and is targeted to the PM. Thus, the breakdown or weak-
ening of SI observed in stigmas expressing these SRKb N-
glycosylation site mutants can be ascribed largely to the failure,
or drastically reduced ability, of these proteins to localize to the
PM, where they are available for interaction with their pollen-
derived SCRb ligand. A similar role for N-glycosylation in the
trafficking of plasma membrane-localized proteins was reported
in mammalian systems for the EGF receptor (Soderquist and
Carpenter, 1984; Slieker et al., 1986) and the Na, K-ATPase b2

subunit (Tokhtaeva et al., 2010).
The mechanism by which elimination of specific N-glycosylation

sites disrupts the subcellular trafficking of SRKb remains to be
determined. A possibility suggested by the data is that abolishing
these N-glycosylation sites might cause the increased formation

of disulfide bond-mediated receptor complexes and aggregates.
In support of this conclusion, stigmas expressing functionally
defective SRKb N-glycosylation mutants or SRKb mutants
generated by elimination of essential cysteine residues in the
PAN_APPLE domain, which functions in ligand-independent
dimer formation of the extracellular regions of SRKs (Naithani
et al., 2007), exhibited similar increases in the amount of high
molecular mass SRKb aggregates relative to the wild type,
and these increases correlated with the lack of complex
N-glycan-containing species for these proteins. The composition
of these high molecular mass aggregates remains to be deter-
mined, but their increase in stigmas expressing mutant SRKb
proteins that fail to confer SI suggests that they represent, at
least in part, nonfunctional SRKb aggregates. We speculate
that the mutations we introduced into this motif affect disulfide-
bond formation and that increased aggregation of the mutant
SRKb proteins disrupts their export from the ER and their
transport to the PM. Further analysis is required to test this
hypothesis.
In summary, our results underscore the importance of N-

glycosylation at specific residues within the SRKb extracellular
domain, of the C388-N389-C390-T391 motif within the PAN_
APPLE subdomain and of the structural integrity of this
subdomain for proper intracellular trafficking of SRKb and con-
sequently for robust execution of the SI response at the stigma
epidermal cell surface. While our investigation of the role of N-
glycosylation focused on the SRKb variant, it is important to
note that we observed a strong correlation between the degree
to which a particular N-glycosylation site was conserved among
SRK variants and the extent to which elimination of the site
disrupted intracellular translocation of the SRKb receptor. This
correlation suggests that the inferences made herein are not
specific to SRKb but are likely to apply to other SRK variants as
well.

METHODS

Molecular Phylogenetic Analyses

Amino acid sequences were aligned using ClustalW (Larkin et al., 2007)
with a Gonnet matrix.

Generation of N-Glycosylation Mutant Transgenes, Plant
Transformation, and Plant Growth

All transgenes were inserted into the pCAMBIA1300 plant transformation
plasmid (GenBank accession number AF234296). Wild-type and mutant
forms of SRKb were expressed from a 360-bp fragment corresponding to
the promoter of the At-S1 (At3g12000) gene, which is a highly active
stigma epidermal cell-specific promoter (Dwyer et al., 1994; Boggs et al.,
2009a). Construction of the AtS1pro:HA-SRKb transgene was described
previously (Boggs et al., 2009a). For expression of SRKb proteins that
were C-terminally tagged with a 3xFLAG epitope, a sequence encoding
three tandem FLAG tags was introduced just before the stop codon of the
AtS1pro:SRKb gene by the recombinant PCR method. Similarly, for
expression of SRKb carrying a C-terminal fluorescent protein tag, a se-
quence encoding cYFP preceded by a linker sequence was amplified and
inserted by recombinant PCR just before the stop codon of the AtS1pro:
SRKb gene. The primers used for transgene construction are listed in
Supplemental Table 3.

Table 2. Pollination Phenotype of Stigmas Expressing PAN_APPLE
Domain Mutants of SRKb-FLAG

Transgene
Total No. of
Transformants

No. of SCRb Pollen
Tubes Produced
per Stigma

<5a 6–20a Na

SRKb-FLAG 7 7 0 0
SRKb(N389Q)-FLAG 14 10 3 1
SRKb(C388S)-FLAG 19 0 0 19
SRKb(C390S)-FLAG 13 0 0 13
aNumber of pollen tubes produced per pollinated stigma after pollination
with SCRb pollen. Pollen tube counts are as in Table 1.
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To introduce N-glycosylation site mutations, the above plasmids
served as templates for recombinant PCR-mediated site-directed mu-
tagenesis using mutagenic primers (Supplemental Table 3). All plasmids
were sequenced at the Cornell University Life Sciences Core Laboratories
Center to exclude the presence of PCR-generated errors. The plasmids
were introduced into Agrobacterium tumefaciens strain GV3101 (Koncz
and Schell, 1986) and subsequently into Arabidopsis thaliana plants of the
C24 accession by the floral dip method (Clough and Bent, 1998).
Transformants were selected on Murashige and Skoog medium (Sigma-
Aldrich) containing 50 mg/mL hygromycin. Plants were grown in a growth
chamber at 22°C under continuous light.

Pollination Assays

To examine the effects of the site-directed mutations introduced in SRKb
on the SI response, stigmas expressing each mutant receptor were
pollinated with SCRb-expressing pollen grains derived from plants
transformed with the Arabidopsis lyrata SRKb-SCRb gene pair (Nasrallah
et al., 2004). Stigmas of buds at stage 13 of development (Smyth et al.,
1990) were manually pollinated with pollen grains obtained from mature
postanthesis flowers under a stereomicroscope. Two hours after polli-
nation, the stigmas were fixed, stained with decolorized aniline blue, and
examined by epifluorescence microscopy as previously described (Kho
and Baër, 1968). In these assays, an incompatible response of a stigma is
manifested by the growth of fewer than five pollen tubes, a partially in-
compatible response by the growth of 6 to 20 pollen tubes, and a com-
patible response by the growth of pollen tubes that are too numerous to
count. Images of pollinated stigmas were captured using a VANOX-T
microscope (Olympus) with a Polaroid DMC camera.

Protein Immunoblot Analysis

Total proteinswere extracted from10 stage 13 flower buds. The flower buds
were homogenized in a solution containing 100 mM Tris-HCl, pH 8.0, 2%
(w/v) SDS, 5.7 mM b-mercaptoethanol, and 1 mM phenylmethylsulfonyl
fluoride, and the extracted total proteins were precipitated using the
trichloroacetic acid/acetone method and dissolved in SDS-PAGE sample
buffer (Laemmli, 1970). For nonreducing SDS-PAGE analysis, the flower
buds were homogenized in a solution containing 100 mM Tris-HCl, pH 8.0,
2% (w/v) SDS, 15 mM iodoacetamide, and 1 mM phenylmethylsulfonyl
fluoride, and the precipitated proteins were dissolved in SDS-PAGE sample
buffer lacking b-mercaptoethanol. Samples were subjected to SDS-PAGE
on 6% (w/v) gels followed by transfer to Immobilon-Pmembranes (Millipore)
as described by Towbin et al. (1979). For detection of tagged proteins,
monoclonal anti-HA antibody (Covance) and anti-FLAG antibody (Sigma-
Aldrich) were used at a 1:1000 dilution, and goat anti-mouse peroxidase-
labeled antibody (Sigma-Aldrich) was used as secondary antibody at
a 1:3000 dilution. The anti-H+-ATPase antibodies (Agrisera) and anti-AtBiP
antibodies (Yamamoto et al., 2008) were used at a 1:3000 dilution, and anti-
rabbit peroxidase-labeled antibody (CLONE RG-96; Sigma-Aldrich) was
used as secondary antibody at a 1:3000 dilution. Immunodetection was
performed using the ECL2 system (Thermo Fisher Scientific) and exposure
to x-ray film. To confirm equal protein loading for different samples, the
protein blotswere subsequently stainedwithCoomassieBrilliant BlueR 250
(Bio-Rad).

Aqueous Two-Phase Partitioning and Endo H Digestion

Isolation of microsomal membranes and aqueous two-phase partitioning
were performed according to methods described previously (Larsson,
1985; Stein et al., 1996) as follows. Fifty stage 13 flower buds were
homogenized in a solution containing 30 mM Tris-HCl, pH 7.5, 150 mM
NaCl, 10% (v/v) glycerol, and 5 mM MgCl2. The homogenate was
centrifuged at 8200g for 5 min and filtered through a micro bio-spin

column (Bio-Rad) to remove cell debris, and the resulting filtrate was
centrifuged at 100,000g for 1 h to collect microsomal membranes. The
microsomal membranes were resuspended in a buffer consisting of 5 mM
potassium phosphate, pH 7.8, 3 mM KCl, and 0.33 M sucrose, and
aqueous two-phase partitioning was performed in a series of 1-mL
volume systems consisting of 6.2% (w/w) Dextran T500, 6.2% (w/w)
polyethylene glycol 3350, 5 mM potassium phosphate buffer, pH 7.8, 3
mM KCl, and 0.33 M sucrose. Three rounds of partitioning yielded an
upper phase enriched in plasma membranes and a lower phase enriched
in intracellular membranes. Proteins in each fraction were precipitated
using the trichloroacetic/acetone method and analyzed by SDS-PAGE
and immunoblotting as described above.

For digestion with Endo H (New England Biolabs), total proteins
prepared from 10 stage 13 flower buds were denatured and treated with
the enzyme at 37°C for 1 h according to the manufacturer’s protocol. The
digested samples were analyzed by SDS-PAGE and immunoblotting as
described above.

Transient Expression of SRKb-FLAG in A. thaliana Leaf Protoplast
Cells and Tunicamycin Treatment

For transient expression of SRKb-FLAG in A. thaliana leaf protoplasts, we
used a pUC19 plasmid into which an EcoRI-XbaI fragment containing the
35Spro:SRKb-FLAG:SRKbterm chimeric gene was inserted. The isolation of
A. thaliana leaf protoplasts and transient expression methods were
performed essentially as described by Yoo et al. (2007). In brief, 50 leaves
of 3- or 4-week-old A. thaliana C24 plants were cut into 0.5- to 1-mm leaf
sections and incubated for 6 h in 10 mL of enzyme solution (1.5% [w/v]
cellulase Onozuka R-10 [Yakult Pharmaceutical], 0.4% [w/v] macerozyme
R-10 [Yakult Pharmaceutical], 0.4 M mannitol, 20 mM KCl, and 20 mM
MES, pH 5.7). The prepared leaf protoplasts were incubated overnight at
room temperature with 5 µg of plasmid DNA in a solution containing 40%
(w/v) polyethylene glycol 4000 (Sigma-Aldrich), 0.2Mmannitol, and100mM
CaCl2. The transfected cells were either left untreated or treated with 5 µg/
mL tunicamycin (Wako) for 8 h at room temperature. Extraction of total
proteins, precipitation of proteins with trichloroacetic acid/acetone, Endo H
treatment, SDS-PAGE, and immunoblotting were as described above.

Confocal Laser Scanning Microscopy

For colocalization studies, an ER marker tagged with the mC variant of
RFP (Nelson et al., 2007) was used. A plasmid containing a chimeric gene
in which the cauliflower mosaic virus double 35S promoter drives ex-
pression of the mC-tagged ER marker (available from the ABRC) was
modified by replacing the double cauliflower mosaic virus 35S promoter,
which is not highly active in stigma epidermal cells, with the At-S1 promoter
using recombinant PCR. A transgenic line homozygous for the resulting
AtS1pro:mC-ER transgene was crossed to transgenic lines homozygous
for the AtS1pro:SRKb-cYFP, AtS1pro:SRKb(000000)-cYFP, or AtS1pr:
SRKb(111110)-cYFP transgenes to generate F1 plants that express both
cYFP-tagged SRKb protein and the mC-tagged ER marker. Stigmas from
stage 12 flower buds were observed with a Leica TCS-SP5 confocal mi-
croscope (Leica Microsystems) using a 363 water immersion objective
(numerical aperture 1.2), zoom 5.0, at the Plant Cell Imaging Facility of the
Boyce Thompson Institute (Ithaca, NY). cYFP was excited with the argon
laser (15% 514 nm), and emitted fluorescence was collected from 522
to 550 nm; mCherry was excited with the diode-pumped solid state laser
(5% 561 nm), and emitted fluorescence was collected from 598 to 644 nm.

Accession Numbers

The accession numbers of the amino acid sequences of SRKb and other
SRKs used in sequence alignments can be found in Supplemental Table 1
and Supplemental Data Set 2.
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Supplemental Data

The following materials are available in the online version of this article.

Supplemental Table 1. Number of Potential N-Glycosylation Sites in
the Extracellular Domains of SRKs from A. lyrata, A. halleri, B. oleracea,
and B. rapa.

Supplemental Table 2. Distribution and Conservation of Potential
N-Glycosylation Sites in the Extracellular Domains of SRKs from
A. lyrata, A. halleri, B. oleracea, and B. rapa.

Supplemental Table 3. Primers Used for Plasmid Construction.

Supplemental Data Set 1. Amino Acid Sequence Alignment of SRK
Variants from Arabidopsis lyrata (Al-SRKx), A. halleri (Ah-SRKx),
Brassica oleracea (Bo-SRKx), and B. rapa (Br-SRKx).

Supplemental Data Set 2. Amino Acid Sequence Alignment of the
PAN_APPLE Domains of SRK Variants from A. lyrata (Al-SRKx) and
A. halleri (Ah-SRKx) SRK Variants.
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