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Plasmodesmata (Pd) are membranous channels that serve as a major conduit for cell-to-cell communication in plants. The Pd-
associated -1,3-glucanase (BG_pap) and CALLOSE BINDING PROTEIN1 (PDCB1) were identified as key regulators of Pd
conductivity. Both are predicted glycosylphosphatidylinositol-anchored proteins (GPI-APs) carrying a conserved GPI modification
signal. However, the subcellular targeting mechanism of these proteins is unknown, particularly in the context of other GPI-APs not
associated with Pd. Here, we conducted a comparative analysis of the subcellular targeting of the two Pd-resident and two unrelated
non-Pd GPI-APs in Arabidopsis (Arabidopsis thaliana). We show that GPI modification is necessary and sulfficient for delivering both
BG_pap and PDCBI to Pd. Moreover, the GPI modification signal from both Pd- and non-Pd GPI-APs is able to target a reporter
protein to Pd, likely to plasma membrane microdomains enriched at Pd. As such, the GPI modification serves as a primary Pd sorting
signal in plant cells. Interestingly, the ectodomain, a region that carries the functional domain in GPI-APs, in Pd-resident proteins
further enhances Pd accumulation. However, in non-Pd GPI-APs, the ectodomain overrides the Pd targeting function of the GPI
signal and determines a specific GPI-dependent non-Pd localization of these proteins at the plasma membrane and cell wall. Domain-
swap analysis showed that the non-Pd localization is also dominant over the Pd-enhancing function mediated by a Pd ectodomain. In
conclusion, our results indicate that segregation between Pd- and non-Pd GPI-APs occurs prior to Pd targeting, providing, to our

knowledge, the first evidence of the mechanism of GPI-AP sorting in plants.

Plant cells are interconnected with cross-wall mem-
branous channels called plasmodesmata (Pd). Recent
studies have shown that the region of the plasma
membrane (PM) lining the Pd channel is a specialized
membrane microdomain whose lipid and protein com-
position differs from the rest of the PM (Tilsner et al.,
2011, 2016; Bayer et al., 2014; Gonzélez-Solis et al.,
2014; Grison et al., 2015). In a similar manner, the cell
wall domain surrounding the Pd channel is specialized
and, unlike the rest of the cell wall, is devoid of cellu-
lose, rich in pectin, and contains callose (an insoluble
B-1,3-glucan; Zavaliev et al., 2011; Knox and Benitez-
Alfonso, 2014). In response to physiological signals,
callose can be transiently deposited and degraded at
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Pd, which provides a mechanism for controlling the Pd
aperture in diverse developmental and stress-related
processes (Zavaliev et al., 2011). Control of Pd function-
ing is mediated by proteins that are specifically targeted to
Pd. Plasmodesmal proteins localized to the PM domain
of Pd can be integral transmembrane proteins, such as Pd-
localized proteins (Thomas et al., 2008), the receptor
kinase ARABIDOPSIS CRINKLY4 (Stahl et al., 2013),
and callose synthases (Vatén et al.,, 2011). Alterna-
tively, Pd proteins can associate with the membrane
through a lipid modification like myristoylation
(e.g. remorins; Raffaele et al., 2009) or be attached by a
glycosylphosphatidylinositol (GPI) anchor (e.g. Pd-
associated B-1,3-glucanases [BG_pap]; Levy et al.,
2007; Rinne et al., 2011; Benitez-Alfonso et al., 2013),
Pd-associated callose-binding proteins (PDCBs; Simpson
etal.,, 2009), and LYSIN MOTIF DOMAIN-CONTAINING
PROTEIN2 (LYM2; Faulkner et al., 2013).

Among the known Pd proteins involved in Pd-specific
callose degradation is BG_pap, a cell wall enzyme carrying
a glycosyl hydrolase family 17 (GH17) module as its
functional domain (Levy et al., 2007). Another group of
proteins controlling callose dynamics at Pd are PDCBs that
harbor a callose-binding domain termed carbohydrate-
binding module 43 (CBM43), implicated in stabilizing
callose at Pd (Simpson et al., 2009). Some B-1,3-glucanases
may combine the two callose-modifying activities by har-
boring both GH17 and CBM43 functional domains, and
several such proteins were shown to localize to Pd (Rinne
et al., 2011; Benitez-Alfonso et al., 2013; Gaudioso-Pedraza
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and Benitez-Alfonso, 2014). A distinct feature of
BG_pap and PDCBs is that both are predicted
glycosylphosphatidylinositol-anchored proteins (GPI-
APs). The GPI anchor is a form of posttranslational
modification common to many cell surface proteins in
all eukaryotes. GPI-APs are covalently attached to the
outer leaflet of the PM through the GPI anchor. The
basic structure of the anchor consists of ethanolamine
phosphate, followed by a glycan chain of three Man
residues and glucosamine, followed by phosphatidyl-
inositol lipid moiety (EtNP-6Mana1-2Mana1-6Mana1-
4GIcNal-6myoinositol-1-P-lipid; Ferguson et al., 2009).
All predicted GPI-APs carry an N-terminal secretion
signal peptide (SP) similar to other secreted proteins.
Distinctly, GPI-APs also carry a structurally conserved
25- to 30-residue C-terminal GPI attachment signal,
which typically begins with a small amino acid (e.g. Ala,
Asn, Asp, Cys, Gly, or Ser) termed omega, followed by a
spacer region of five to 10 polar residues, and ending
with a transmembrane segment of 15 to 20 hydrophobic
residues (Ferguson et al., 2009). The entire region be-
tween the N-terminal and the C-terminal signals of a
GPI-AP is termed the ectodomain and carries the pro-
tein’s functional domain(s). The GPI modification pro-
cess takes place in the lumenal face of the endoplasmic
reticulum (ER) in a cotranslational manner. Upon
translocation into the ER, a GPI-AP is stabilized in the
ER membrane by its C-terminal signal, which is con-
currently cleaved after the omega amino acid, and a
preassembled GPI anchor is covalently attached to the
C terminus of the omega amino acid. After attachment
to a protein, the GPI anchor undergoes a series of mod-
ifications (remodeling), both at the glucan chain and at
the lipid moiety. Such remodeling is crucial for the
sorting of GPI-APs in the secretory pathway and the
subsequent lateral heterogeneity at the PM (Kinoshita,
2015). In particular, the addition of saturated fatty acid
chains to the lipid moiety of the anchor leads to the
enriched accumulation of GPI-APs in the PM micro-
domains, also termed lipid rafts (Mufiiz and Zurzolo,
2014). In Arabidopsis (Arabidopsis thaliana), GPI modifi-
cation has been predicted for 210 proteins of diverse
functions at the PM or the cell wall or both (Borner et al.,
2002). Despite extensive research on the GPI modifica-
tion pathway and the function of GPI-APs in mamma-
lian and yeast cells, such knowledge in plant systems
is scarce. In particular, despite an emerging role of GPI-
APs in the regulation of the cell wall domain of Pd, their
subcellular targeting and compartmentalization mecha-
nism have not been studied. In addition, it is not known
how the targeting mechanism of Pd-resident GPI-APs is
different from that of other classes of GPI-APs, which are
not localized to Pd.

In this study, we investigated the subcellular targeting
mechanism of Pd-associated callose-modifying GPI-APs,
BG_pap and PDCB1, and compared it with that of two
unrelated non-Pd GPI-APs, ARABINOGALACTAN
PROTEIN4 (AGP4) and LIPID TRANSFER PROTEIN1
(LTPG1). Using sequential fluorescent labeling of protein
domains, we found that the C-terminal GPI modification
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signal present in both Pd- and non-Pd GPI-APs can
function as a primary signal in targeting proteins to
the Pd-enriched PM domain. Moreover, we show
that while the GPI signal is sufficient for Pd targeting,
the ectodomains in BG_pap and PDCBI1 further en-
hance their accumulation at Pd. In contrast, the
ectodomains in non-Pd GPI-APs mediate exclusion
of the proteins from the Pd-enriched targeting path-
way. The Pd exclusion effect was found to be domi-
nant over the Pd-targeting function of the GPI signal
and the Pd-enhancing function of the Pd ectodomain,
and it possibly occurs prior to PM localization. Our
findings thus uncover a novel Pd-targeting signal
and provide, to our knowledge, the first evidence of
the cellular mechanism that regulates the sorting of
GPI-APs in plants.

RESULTS

GPI Modification Is Required for Subcellular Targeting of
Callose-Modifying BG_pap and PDCB1

To identify factors regulating the subcellular target-
ing of Pd-associated GPI-APs, we chose two previously
reported callose-modifying proteins, BG_pap (Levy
et al., 2007) and PDCB1 (Simpson et al., 2009), for the
analysis. For comparison with GPI-APs that do not
have a known Pd localization (non-Pd GPI-APs) we
included two unrelated previously reported GPI-APs,
the cell surface protein AGP4 (Sherrier et al., 1999) and
the lipid transfer protein LTPG1 (Debono et al., 2009;
Ambrose et al., 2013). All four GPI-APs carry a pre-
dicted C-terminal GPI modification signal with Ser
as an omega amino acid (Fig. 1A). The proteins were
tagged with monomeric citrine (mCitrine; Zacharias
et al., 2002), which is more suitable for extracellular
proteins in plant cells due to improved fluorescent
properties at acidic pH. The mCitrine tag was placed at
the N terminus, after the SP (Fig. 1B). To achieve uni-
formity in secretion and facilitate comparisons between
different GPI-APs and their segments, we used the SP
sequence from the Arabidopsis chitinase gene, which
is commonly used to drive the secretion of tagged
proteins in plant cells (Haseloff et al., 1997; Frigerio
etal., 2001; Gidda et al., 2009). The localization of each
fusion protein was tested using transient expression
in Nicotiana benthamiana and confirmed in transgenic
Arabidopsis. Localization of the full-length fusions
constructed with the SP sequence from the Arabi-
dopsis chitinase gene was similar to the previously
published localizations of these proteins. The sizes
of the fusion proteins were confirmed by western
blotting (Supplemental Fig. S1). To verify GPI modi-
fication, we used mannosamine, an amino sugar that
inhibits the biosynthesis of the GPI anchor by incor-
porating into the second Man position of the glycan
portion of the GPI anchor (Lisanti et al., 1991; Smith,
2009). By depleting cells of the mature GPI substrate,
mannosamine leads to the accumulation of GPI-APs in
compartments along the secretion pathway, either in
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Figure 1. List of GPl-anchored proteins characterized in this study. A,
Left, the GPI-anchored proteins BG_pap, PDCB1, AGP4, and LTPGT.
Right, details of the C-terminal region, including the predicted GPI
modification signal (boldface). The omega amino acid is boxed and the
transmembrane segment is underlined. B, Names and diagrams of
SP-mCitrine fusions of the proteins listed in A. The SP is not included in
the fusion names, and the protein names are abbreviated: BG, BG_pap;
CB, PDCB1; AG, AGP4; LT, LTPG1. The determined subcellular local-
ization (Loc.) for each fusion is shown at right: CW, cell wall.

the ER or the Golgi or both (Lisanti et al., 1991; Pan
et al., 1992; Sevlever and Rosenberry, 1993; De Caroli
et al., 2011).

Full-length BG_pap (hereafter a protein sequence
without the native SP) fused to SP-mCitrine (mCit-BG)
showed enriched accumulation at peripheral puncta
(Fig. 2A), consistent with its previously reported lo-
calization (Levy et al., 2007). The mCit-BG also showed
accumulation at the PM, as evident from plasmolysis
and staining with FM4-64 (Fig. 2, B-B'’). The appear-
ance of the PM localization is possibly a result of
overexpression and is expected, since BG_pap is a
predicted GPI-AP. Like BG_pap, full-length PDCB1
fused to SP-mCitrine (mCit-CB) showed enriched
accumulation at peripheral puncta (Fig. 2C), consis-
tent with its previously reported localization (Simpson
et al., 2009). In plasmolyzed cells, mCit-CB showed
a PM fraction as well (Fig. 2, D-D"’). Application of
10 mmM mannosamine significantly reduced the tar-
geting of both mCit-BG and mCit-CB and led to in-
tracellular accumulation in the ER-like and vesicle-like
structures (Fig. 2, E and G). Next, we sought to de-
termine whether the callose-modifying modules in
BG_pap and PDCB1, GH17°¢-P and CBM43"",
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respectively, are able to target to Pd as soluble pro-
teins. To this end, the C-terminal part including the
GPI signal was deleted in the full-length fusion pro-
teins (Fig. 1B). The resulting mCit-BG*“ and mCit-
CB“C fusions did not show localization at peripheral
puncta but had predominant ER accumulation, as
evident from colocalization with mCherry-ER (Fig. 2,
F-F'" and H-H'’). Together, these results demonstrate
that GPI modification is required for the subcellular
targeting of BG_pap and PDCB1 and that the func-
tional domains in both proteins are not delivered to
peripheral puncta in the absence of a GPI signal.

The C-Terminal GPI Modification Signal from Both Pd-
and Non-Pd GPI-Anchored Proteins Mediates
Pd Targeting

To further understand the role of GPI modification in
Pd targeting of BG_pap and PDCBI, the entire ectodo-
main in both proteins was deleted and SP-mCitrine was
attached to a predicted omega amino acid of the GPI
signal (Fig. 1B). Interestingly, both mCit-GPI*® and
mCit-GPI-" showed enriched accumulation at periph-
eral puncta in a pattern similar to that of the full-length
proteins (Fig. 3, A and D), suggesting a possible Pd lo-
calization, Like the full-length proteins, mCit-GPI*® and
mCit-GPI“® also showed accumulation at non-Pd PM
(Fig. 3, B-B"" and E-E'’). Mannosamine inhibited the
export of both fusions and led to ER-like and vesicle-
like accumulation (Fig. 3, C and F), confirming the
GPI-dependent targeting. As a proof of concept of
mannosamine action, further deletion of the region con-
taining the omega site and attachment of SP-mCitrine
to the transmembrane segment of the GPI signal fully
blocked protein targeting and resulted in the ER accu-
mulation (Supplemental Fig. S2). To rule out the possibility
that a Pd-like enrichment of GPI-anchored mCitrine is
an artifact of a stress response at the PM associated with
agroinfiltration, we tested the localization of a non-GPI PM
protein in our expression system. As a control, we chose
previously reported ARABIDOPSIS HETEROTRIMERIC
G-PROTEIN vy-SUBUNIT2 (AGG2) that is a prenylated
PM protein (Zeng et al., 2007). Expression of mCitrine
fused to AGG2 (mCit-AGG2) resulted in a uniform PM
accumulation with no enrichment at discrete regions
(Fig. 3G), indicating that the localization of GPI-anchored
mCitrine is not a result of unspecific changes in membrane
architecture. The PM localization of mCit-AGG2 was
confirmed by plasmolysis and FM4-64 staining (Fig. 3,
H-H'"). Unlike GPI-anchored fusions, the targeting of
mCit-AGG2 was not inhibited by mannosamine (Fig. 3I),
providing evidence that the effect of mannosamine on
GPI-APs is not a result of nonspecific response to the drug.

To find out whether GPI-anchored mCitrine is indeed
localized to Pd, we tested its colocalization with the
movement protein of Tobacco mosaic virus fused to red
fluorescent protein (MP-RFP), which is commonly used
as a Pd marker (Boutant et al., 2010). As established Pd-
associated proteins, both mCit-BG and mCit-CB fusions,
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Figure 2. GPI modification is required for
the targeting of BG_pap and PDCB1. Lo-
calization is shown for BG_pap and PDCB1
in transient expression in N. benthamiana.
A to B/, Localization of SP-mCitrine fused
to full-length BG_pap (mCit-BG). C to D"/,
Localization of SP-mCitrine fused to full-
length PDCB1 (mCit-CB). E and G, Locali-
zation of mCit-BG (E) and mCit-CB (G) in
the presence of the GPI biosynthesis inhib-
itor mannosamine. F to F’’, Localization of
SP-mCitrine fused to BG_pap in which the
C-terminal part is deleted (mCit-BG2%). H
to H'’, Localization of SP-mCitrine fused
to PDCB1 in which the C-terminal part is
deleted (mCit-CB*“). B to B"" and D to D"’
show localization in plasmolyzed cells
stained with FM4-64. F to F"" and H to H"’
show colocalization with the ER marker
mCherry-ER. Arrows in A and C indicate
peripheral puncta. In plasmolyzed cells, the
dashed white line marks the cell wall, as-
terisks indicate the apoplastic space formed
by the receding protoplast, and triangles
indicate the position of the PM. Images in E
to H'’ are Z projections of several confocal
slices. Bars = 10 um.

showed full colocalization with MP-RFP at Pd (Fig. 4, A—
A'" and B-B"’"). Importantly, the minimal fusions mCit-
GPI®¢ and mCit-GPI? also fully colocalized with
MP-RFP (Fig. 4, C-C'" and D-D"’), indicating accumu-
lation at Pd sites. The observed ability of GPI signals
from BG_pap and PDCB1 to mediate Pd localization of
the reporter protein raised the question of whether such
function is true for GPI signals from non-Pd GPI-APs. To
this end, we tested GPI signals from the two non-Pd GPI-
APs, AGP4 and LTPGI, for their ability to mediate Pd
targeting of mCitrine. As before, SP-mCitrine was fused
to the omega amino acid of the predicted GPI signal
inboth AGP4 and LTPG1 (Fig. 1B). Similar to GPI signals
from Pd-associated GPI-APs, both mCit-GPI*¢ and
mCit-GPI*" showed accumulation at peripheral puncta
that fully colocalized with MP-RFP (Fig. 4, E-E'" and
F-F'’), indicating Pd localization. The Pd targeting of
GPI-anchored mCitrine also was observed in transgenic
Arabidopsis (Fig. 4, H and I). Similar to full-length fusion
mCit-CB (Fig. 4G), both mCit-GPI“® and mCit-GPI*“
showed accumulation at peripheral puncta characteristic
of Pd (Fig. 4, H and I). Moreover, unlike in transient
expression, localization in transgenic plants could be
detected at periclinal Pd clusters connecting epidermis
with mesophyll (Fig. 4, G-I, insets). The Pd localization
in transgenic plants also was confirmed for mCit-BG,
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mCit-GPI*, and mCit-GPI*" (Supplemental Fig. S3).
Together, these results reveal that the C-terminal GPI
signal from Pd- as well as non-Pd GPI-APs can medi-
ate the localization of a reporter protein to Pd, indi-
cating that GPI modification is a sufficient signal for
Pd targeting.

Ectodomain in Pd-Associated GPI-Anchored Proteins
Enhances Pd Accumulation

To determine the effect of an ectodomain on the Pd
targeting mediated by a GPI signal, we compared the
level of Pd and PM accumulation of the full-length
BG_pap and PDCBI fusions with that of GPI-anchored
mCitrine (Fig. 5). To achieve uniform expression for each
fusion protein and to avoid variations in tissue state, the
analysis was performed using a transient expression
assay in N. benthamiana half-leaves. The full-length
fusion was expressed in one half of a leaf and the
corresponding GPI-anchored mCitrine in the other
half: mCit-BG and mCit-GPI*® (Fig. 5A) or mCit-CB
and mCit-GPI®® (Fig. 5C). For each fusion protein, the
fluorescence intensity was measured from at least
15 images at two distinct regions: at the non-Pd region
(designated as PM) and at the Pd foci (designated as Pd;
Fig. 5A, circles). The obtained PM and Pd intensities for
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Figure 3. GPI modification signal mediates enriched accumulation at
the peripheral puncta. Transient expression is shown for GPl-anchored
mCitrine in N. benthamiana. A to C, Localization of SP-mCitrine fused
to the GPI signal of BG_pap (mCit-GPI®%). D to F, Localization of
SP-mCitrine fused to the GPI signal of PDCB1 (mCit-GPI®). G to I,
Localization of mCitrine fused to the PM marker AGG2 (mCit-AGG2).
A, D, and G, show localization with no treatment; Bto B'’, Eto E’’, and
H to H'’ show localization in plasmolyzed cells stained with FM4-64.
C, F, and 1, show localization in the presence of the GPI biosynthesis
inhibitor mannosamine. Arrows in A and D indicate peripheral puncta.
In plasmolyzed cells, the dashed white line marks the cell wall, asterisks
indicate the apoplastic space formed by the receding protoplast, and
triangles indicate the position of the PM. Images in C, F, and | are Z
projections of several confocal slices. Bars = 10 um.

each fusion protein are shown as the ratio of the PM in-
tensity measured for the corresponding GPI-anchored
mCitrine (Fig. 5, B and D). Relative to PM accumulation,
both GPl-anchored mCitrine and full-length fusions
showed significant enrichment at Pd (Fig. 5, B and D).
Notably, the Pd enrichment of the full-length fusions was
significantly higher than that of GPI-anchored mCitrine
(Fig. 5, B and D). In contrast, the PM fraction in the full-
length fusions was not significantly different from that of
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the corresponding GPI-anchored mCitrine (Fig. 5, B and
D). These results indicate that ectodomains in BG_pap
and PDCBI1 enhance protein accumulation above the
level mediated by their GPI signals, specifically at the Pd
but not at the PM. Such increased Pd accumulation could
result from the interaction of the ectodomains in BG_pap
and PDCB1 with a Pd component, such as callose. A
supportive piece of evidence for such an interaction
could be observed in cells treated with the stress hor-
mone salicylic acid (SA; Supplemental Fig. S4). It has
been shown that GPI-APs are susceptible to cleavage and
release from the PM in response to stress (Ferguson et al.,
2009; Simpson et al., 2009). To achieve such an effect, we
treated leaves expressing mCit-BG, mCit-GPI’“, and the
control PM protein mCit-AGG2 with 5 mm SA and fol-
lowed protein localization. Unlike control PM protein,
SA treatment triggered release of the full-length mCit-BG
from the PM to the apoplast but had little effect on the Pd
fraction (Supplemental Fig. S4). In contrast, a complete
release of mCit-GPI* from the PM correlated with a
complete loss of the Pd fraction (Supplemental Fig. S4).
Although SA-mediated stress signaling may have mul-
tiple effects on the posttranslational modification and
targeting of proteins, these observations nevertheless
support the possibility of ectodomain interaction with a
Pd component and subsequent enhanced accumulation
of the full-length BG_pap and PDCBI at Pd.

Ectodomain in Non-Pd GPI-Anchored Proteins Overrides
the Pd-Targeting Function of the GPI Signal and the Pd-
Enhancing Function of the Pd Ectodomain

As we showed in a previous section, GPI signals of
the two non-Pd GPI-APs, AGP4 and LTPG1, when
expressed in the absence of their respective ectodomains
mediate Pd targeting of mCitrine (Fig. 4, E and F). Next,
we sought to determine how the ectodomains in AGP4
and LTPGI affect the Pd-targeting function of their GPI
signals. The ectodomain in AGP4 is an 85-amino acid-
long polypeptide (AGP motif; Fig. 1A) that serves as a
backbone for extensive O-linked glycosylations at mul-
tiple Pro residues (Sherrier et al., 1999; Ellis et al., 2010).
The ectodomain in LTPG1 is a 127-amino acid-long
polypeptide carrying a lipid transfer protein as a func-
tional domain (Fig. 1A) that has been shown to have
lipid-binding activity (Debono et al., 2009). Fusion of
SP-mCitrine to full-length AGP4 (mCit-AG) resulted in a
uniform accumulation at the cell periphery (Fig. 6A).
Plasmolysis and FM4-64 staining revealed a PM locali-
zation along with a soluble apoplastic fraction in mCit-
AG (Fig. 6, B-B"’), indicating that the protein is both PM
and cell wall localized. Such localization is consistent
with a previously reported localization of Arabidopsis
AGPs fused to GFP (Zhang et al., 2011a). Mannosamine
treatment blocked the export of mCit-AG (Fig. 6C),
indicating the GPI-dependent targeting. Fusion of
SP-mCitrine to full-length LTPG1 (mCit-LT) showed
a similar uniform peripheral localization pattern (Fig.
6D) and appeared both at the PM and the cell wall
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mCit-GPIB¢

mCit-GPI¢® mCit-GPI*¢ mCit-GPI'

mCit-GPI®®

A.t. transgenic

Figure 4. GPIl-anchored mCitrine is localized to Pd. A to F”’, Colocalization of full-length GPI-APs and GPl-anchored
mCitrine with MP-RFP in transient expression in N. benthamiana: mCit-BG (A-A"’), mCit-CB (B-B"’), mCit-GPI®S (C-C""),
mCit-GPI? (D-D""), mCit-GPI"® (E-E"’), and mCit-GPI'" (F-F"). G to I, Localization of mCit-CB (G), mCit-GPI*® (H), and
mCit-GPI"® (I) in transgenic Arabidopsis. Images in G to | show Z projections of several confocal slices across the entire
epidermal cell, including both anticlinal and periclinal cell surfaces. Arrows in G to | indicate the positions of the periclinal
Pd cluster (enlarged in the insets). Bars = 5 um (A-F'') and 10 um (G-l).

(Fig. 6, E-E'’), consistent with previously reported lo-
calizations of this GPI-AP (Debono et al., 2009; Ambrose
et al., 2013). Mannosamine treatment blocked the export
of mCit-LT (Fig. 6F), indicating GPI-dependent target-
ing. To compare the accumulation pattern of AGP4 and
LTPG1 with that of a fully soluble apoplastic protein, we
tested the localization of secreted soluble mCitrine (sec-
mCitrine) in our expression system (Fig. 6, G-I). Unlike,
mCit-AG and mCit-LT, sec-mCitrine showed a highly
nonuniform peripheral localization pattern (Fig. 6G),
which corresponded to a fully apoplastic accumulation
in plasmolyzed cells with no detectable PM fraction (Fig.
6, H-H''"). Mannosamine did not affect the targeting of
sec-mCitrine (Fig. 6I), indicating that the drug does not
detectibly affect the export of a soluble secreted protein.
These results indicate that the cell wall fraction of
mCit-AG and mCit-LT most likely originates from the
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GPl-anchored PM fraction rather than from secretion of a
soluble form of the proteins and/or that of free mCitrine.
Unlike the full-length AGP4 and LTPGI, their GPI
signals fused to SP-mCitrine, mCit-GPI*“ and mCit-
GPIM, respectively, led to enriched Pd accumulation of
the reporter protein (Fig. 6, ] and M). Similar to GPI sig-
nals from the Pd proteins, both mCit-GPI*“ and mCit-
GPI'" localized at the PM with no detectable cell wall
fraction (Fig. 6, K-K'" and N-N"’) and were inhibited by
mannosamine (Fig. 6, L and O). In transgenic plants, both
full-length AGP4 and LTPG1, as well as their GPI signals,
showed similar localizations as in the transient expres-
sion (Fig. 4; Supplemental Fig. S3). Together, these results
show that ectodomains in the two non-Pd GPI-APs,
AGP4 and LTPG1, override the Pd-targeting function of
their GPI signals and determine a specific GPI-dependent
non-Pd localization of these proteins.
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Figure 5. Ectodomain in BG_pap and PDCB1 enhances Pd accumulation. Pd and PM accumulation levels are shown for the full-
length fusions compared with those of GPIl-anchored mCitrine in transient expression in N. benthamiana. A and C, Representative
confocal images of cells expressing mCit-GPI*® and mCit-BG (A) or mCit-GPI“® and mCit-CB (C). B and D, Relative fluorescence
intensities quantified for each fusion protein at two distinct regions as indicated in A, PM (yellow circle) and Pd (red circle). Values
represent mean fluorescence intensity at PM or Pd relative to mean fluorescence intensity at PM measured for mCit-GPI® (B) and mCit-
GPI®® (D). The white dashed lines in B and D represent the reference line corresponding to 1. Error bars represent se. Lowercase letters
indicate statistically significant differences determined by nonparametric Kruskal-Wallis one-way ANOVA test for multiple groups
(***P < 0.001; ****P < 0.0001; ns=not significant). The experiment was performed two times with similar results. Bars = 10 um.

To test whether a non-Pd ectodomain can similarly
override the Pd targeting of a Pd-associated GPI-AP, we
created chimeric fusions between AGP4 and PDCB1 (Fig.
1B). We chose AGP4 and PDCB1 due to their smaller
sizes compared with LTPG1 and BG_pap, respectively
(Fig. 1A). First, the GPI signal in the mCit-AG fusion was
replaced with GPI signal of PDCBI1, creating mCit-
AG*“PLGPI® (Fig. 1B). This chimeric fusion showed
a non-Pd localization pattern like that of mCit-AG
(Fig. 7A), had similar PM and cell wall fractions (Fig.
7, B-B'’), and was inhibited by mannosamine (Fig. 7C),
confirming GPI-dependent targeting. These results
indicate that the Pd exclusion effect of a non-Pd ecto-
domain is equally dominant over GPI signal taken from
a Pd-resident protein. Next, we sought to determine how
the Pd exclusion mediated by a non-Pd ectodomain is
affected in the presence of a Pd ectodomain. To this end,
the GPI signal in mCit-AG was replaced with the
ectodomain and GPI signal of PDCBI to create mCit-
AG““"L.CB (Fig. 1B). In the reciprocal fusion, GPI sig-
nal in mCit-CB was replaced with ectodomain and GPI
signal of AGP4 to create mCit-CB*“"-AG (Fig. 1B).
Interestingly, both chimeric fusions showed a locali-
zation pattern similar to that of mCit-AG and had
no detectable Pd enrichment (Fig. 7, D and G). Both

Plant Physiol. Vol. 172, 2016

chimeras had accumulation at the PM and cell wall
(Fig. 7, E-E"” and H-H'') and were inhibited by
mannosamine (Fig. 7, F and I), confirming GPI-dependent
targeting. Together, these results show that the Pd ex-
clusion effect of a non-Pd ectodomain is dominant over
the Pd-targeting function of a GPI signal as well as the
Pd-enhancing function of a Pd ectodomain.

DISCUSSION

In this work, we have shown that GPI modification
serves as a signal to mediate the targeting of proteins to
Pd. A comparative analysis of two classes of GPI-APs,
Pd localized and non-Pd localized, revealed that the
GPI modification signal in both groups functions as a
primary Pd-sorting signal. However, the ectodomain
acts downstream and either reinforces Pd accumulation
(Pd proteins) or mediates sorting out from Pd (non-Pd
proteins). The Pd-associated GPI-APs characterized
here, BG_pap and PDCBI, localize to Pd (Figs. 2 and 3)
and regulate Pd permeability by changing callose levels
at the cell wall domain of Pd (Levy et al., 2007; Simpson
et al., 2009). BG_pap belongs to a large family of cell
wall enzymes sharing a GH17 hydrolytic domain that
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Figure 6. Non-Pd ectodomain over-
rides the Pd-targeting function of
the GPI signal. Subcellular local-
ization is shown for AGP4 and
LTPG1 in transient expression in N.
benthamiana. A to C, Localization
of SP-mCitrine fused to full-length
AGP4 (mCit-AG). D to F, Localiza-
tion of SP-mCitrine fused to full-
length LTPG1 (mCit-LT). G to |,
Localization of sec-mCitrine. J to L,
Localization of SP-mCitrine fused to
GPl signal of AGP4 (mCit-GPI"®). M
to O, Localization of SP-mCitrine
fused to GPI signal of LTPG1 (mCit-
GPI). A, D, G, J, and M show lo-
calization with no treatment; B to
B",EtoE",HtoH", KtoK", and N
to N’ show localization in plas-
molyzed cells stained with FM4-64;
C, F 1, L, and O show localization in
the presence of the GPI biosynthesis
inhibitor mannosamine. In plasmo-
lyzed cells, the dashed white line
marks the cell wall, asterisks indi-
cate the apoplastic space formed by
the receding protoplast, and trian-
gles indicate the position of PM.
Arrows in ] and M indicate the po-
sitions of Pd foci. Images inC, F, I, L,
and O are Z projections of several
confocal slices. Bars = 10 um.

mCit-AG

mannosamn‘le — | mannosamine y — | mannosaming —

was shown to specifically recognize callose (8-1,3-glucan
polymer) and catalyze its endohydrolysis (Hrmova and
Fincher, 2009). PDCB1 carries a CBM43 functional do-
main that is found in various cell wall proteins and
was shown to specifically bind callose (Barral et al.,
2005; Simpson et al., 2009). Inhibition of the GPI mod-
ification pathway by mannosamine blocked the Pd
targeting of both proteins and led to intracellular ac-
cumulation in the ER-like and vesicle-like structures
(Fig. 2), similar to the effect produced in mammalian
and plant cells (Lisanti et al., 1991; Pan et al., 1992;
Sevlever and Rosenberry, 1993; De Caroli et al., 2011).
Importantly, the expression of BG_pap and PDCB1
without their C-terminal regions, which include the
GPI-anchoring signal, blocked their Pd targeting and
led to predominant ER localization (Fig. 2), indicating
that the functional modules GH17" and CBM43<" re-
quire membrane anchoring for Pd delivery. Recently,
Grison et al. (2015) showed that mCherry-tagged
PDCBI1 without the GPI signal, but with its C-terminal
unstructured region, had a soluble apoplastic localiza-
tion pattern with no Pd enrichment, suggesting that the
unstructured region in PDCB1 might have a role in en-
hancing the export of CBM43“® from the ER. Similar
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sec-mCitrine

mCit-GPI

mannosamine, —

effects were shown with other plant GPI-APs, in which
deletion of the GPI signal resulted either in a complete
lack of protein export (Lee et al., 2009; Li et al., 2015;
Deng et al., 2016) or soluble extracellular accumulation
with no PM fraction (Sun et al., 2004; Li et al., 2010).
Interestingly, all Pd-associated GH17 and CBM43 pro-
teins reported to date are predicted GPI-APs (Levy etal.,
2007; Simpson et al., 2009; Rinne et al., 2011; Benitez-
Alfonso et al., 2013; Gaudioso-Pedraza and Benitez-
Alfonso, 2014). These data, together with our findings,
clearly show that GPI modification is a necessary post-
translational modification for delivering GH17 and
CBM43 modules to Pd. However, not all predicted GPI-
anchored GH17 and CBM43 proteins target to Pd. A
recent bioinformatic analysis of putative GPI-anchored
GH17 proteins from Arabidopsis revealed two groups of
callose-modifying proteins: Pd localized and non-Pd
localized (Gaudioso-Pedraza and Benitez-Alfonso,
2014). Members of the non-Pd group containing the
GH17 and CBM43 modules showed soluble extra-
cellular accumulation despite the presence of a GPI
signal and affinity of their functional domains to callose
substrate (Rinne et al, 2011; Gaudioso-Pedraza and
Benitez-Alfonso, 2014). These observations, together with
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Figure 7. Pd exclusion is dominant over Pd localization. Subcellular
localization is shown for chimeric fusions between AGP4 and PDCB1
in transient expression in N. benthamiana. A to C, Localization of
SP-mCitrine fused to AGP4 in which the GPI signal was replaced with
that of PDCB1 (mCit-AG*“"-GPI?). D to F, Localization of SP-mCitrine
fused to AGP4 in which the GPI signal was replaced with the full-length
PDCB1 (mCit-AG*“"'-CB). G to |, Localization of SP-mCitrine fused to
PDCB1 in which the GPI signal was replaced with the full-length AGP4
(mCit-CB*CLAG). A, D, and G show localization with no treatment; B
to B, Eto E"’, and H to H'' show localization in plasmolyzed cells
stained with FM4-64. In plasmolyzed cells, the dashed white line marks
the cell wall, asterisks indicate the apoplastic space formed by the re-
ceding protoplast, and triangles indicate the position of the PM. C, F,
and I show localization in the presence of the GPI biosynthesis inhibitor
mannosamine. Bars = 10 um.

our analysis of the non-Pd GPI-APs, suggest that signals
other than GPI modification and callose recognition de-
termine the non-Pd localization in those proteins.

A significant observation made from this work is that
the C-terminal GPI modification signal alone is able to
target a reporter protein to Pd (Fig. 3). Moreover, the
Pd-targeting function of the GPI signal was indepen-
dent of its source, as signals from both Pd and non-Pd
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GPI-APs were able to mediate the Pd localization of
mCitrine (Fig. 4; Supplemental Fig. S3). Previously
published GPI-anchored fluorescent proteins in plant
cells did not show a Pd-enriched accumulation but
rather focused on the general PM localization of these
reporters (Martiniére et al., 2012; Baral et al., 2015). The
GFP-GPI*“™ fusion reported by Martiniére et al. (2012)
was created by fusing SP-GFP to Ser-107 of the AGP4
sequence, which is a lower score omega site compared
with the higher score Ser-111 used for the SP-mCitrine
fusion in this work (Fig. 1). Fusion of SP-mCitrine to
Ser-107 indeed resulted in a reduced Pd accumulation
and led to a stronger PM localization with the appear-
ance of vesicle-like structures (Supplemental Fig. S5),
suggesting that the residual four amino acids function
as part of the ectodomain and have a Pd exclusion
effect. The GFP-GPI“?"** and mCherry-GPI“O"** fu-
sions reported by Baral et al. (2015) showed a strong PM
localization with some intracellular vesicular structures
in young root epidermal cells. Lack of Pd enrichment
could be explained by high levels of fluorescent protein
accumulation in the young root cells coupled with
conditions of high exposure and gain, both of which
would increase the background PM signal and make Pd
enrichment impossible to distinguish. We observed
enriched Pd localization for mCit-GPI“?®** in our ex-
pression system using leaf epidermal cells (Supplemental
Fig. 56). We also tested the localization of SP-GFP-tagged
GPI signal and observed a similar Pd enrichment
(Supplemental Fig. S6), indicating that the effect is not
limited to the mCitrine tag. Taken together, these data
show that the different GPI signals characterized here
function similarly in mediating Pd targeting and
suggest that they allow attachment of the same GPI
anchor to the proteins. However, we cannot exclude
the possibility that some GPI signals may function
differently in mediating the GPI modification and Pd
targeting of a reporter protein. Analysis of GPI signals
from additional groups of GPI-APs is required to de-
termine their Pd-targeting ability and possibly to elu-
cidate motif(s) within the GPI signal that may control
its Pd-targeting function.

The Pd-enriched localization of GPI-anchored re-
porter protein likely represents its accumulation in the
specialized regions of the PM, termed lipid rafts or PM
microdomains. It was found recently that the region of
the PM that lines the Pd channel is highly enriched in
sphingolipids and sterols (Grison et al., 2015). More-
over, it was shown that Pd localization of GPI-APs,
like PDCB1 and PDBG2, could be disrupted by inhib-
iting the sterol biosynthesis pathway (Grison et al.,
2015). In addition, proteomic analysis of sterol-enriched
detergent-resistant membranes in Arabidopsis revealed
that GPI-APs are overrepresented in those membranes
(Kierszniowska et al., 2009). Indeed, more detailed
studies in mammalian cells show that an association
with membrane microdomains is a general property of
GPI-APs; however, the pattern of their lateral organi-
zation at the cell surface is determined by additional
signals associated with protein ectodomain, cell type,
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and physiological state (Mufiiz and Zurzolo, 2014;
Paladino et al., 2015; Saha et al., 2016). Expression of
BG_pap and PDCB1 with their ectodomains resulted in
a higher accumulation at Pd, but not at the PM, com-
pared with GPI-anchored mCitrine (Fig. 5). Similar
levels of accumulation at the PM suggest that full-
length proteins and GPl-anchored mCitrine have sim-
ilar rates of secretion and targeting to the PM, including
the PM domain of Pd. However, additional enrichment
of the full-length proteins at Pd possibly results from
interaction of the ectodomains with Pd-associated
callose. Such interaction may occur through callose
recognizing GH17%¢ and CBM43“® functional modules
and may facilitate release of the proteins from the PM,
enabling enriched accumulation in the cell wall domain
of Pd. Supportive evidence for such a mode of accu-
mulation was observed under stress conditions trig-
gered by SA, where a complete release from the PM
did not affect the Pd fraction of the full-length protein
but eliminated that of the GPI-anchored mCitrine
(Supplemental Fig. S4). We conclude that BG_pap and
PDCB1 have two phases in their Pd localization: (1)
GPI-mediated targeting to the PM domain of Pd and
(2) ectodomain-mediated accumulation in the cell wall
domain of Pd. We predict that, for other Pd-associated
GPI-APs that function at the PM domain of Pd, like
LYM2 (Faulkner et al., 2013), the Pd stabilization may
occur through interaction of their ectodomain with a Pd-
enriched transmembrane protein. In the case of LYM2,
such a protein would be the FLAGELLIN SENSING2
transmembrane receptor that was shown to be enriched
at Pd (Faulkner et al., 2013).

Unlike Pd-associated GPI-APs, the ectodomains in
non-Pd GPI-APs abolished the Pd-targeting function of
their own GPI signals as well as the GPI signal from a
Pd protein (Figs. 6 and 7). Interestingly, despite signif-
icant PM fraction in both AGP4 and LTPG1, the pro-
teins did not show Pd enrichment (Fig. 6). Previously
reported non-Pd GPI-APs with exclusive PM localiza-
tion also did not show Pd enrichment (Debono et al.,
2009; Zhang et al., 2011a, 2011b; Li et al., 2013, 2015).
Together, these observations suggest that Pd exclusion
mediated by a non-Pd ectodomain likely occurs prior to
arrival at the PM and Pd, possibly at the level of vesicle
sorting in Golgi membranes. An alternative possibility
would be that non-Pd GPI-APs are excluded from Pd at
the PM, due to extensive cleavage of the GPI anchor.
However, the latter possibility is unlikely, since a re-
ciprocal fusion between Pd and non-Pd ectodomains
resulted in an exclusive non-Pd localization (Fig. 7),
which again indicates that Pd exclusion most likely
occurs prior to PM and Pd localization. Studies in
mammalian cells have shown that the sorting of dif-
ferent groups of GPI-APs occurs at the trans-Golgi
network (TGN; Muiiz and Zurzolo, 2014). In polar-
ized human and Madin-Darby canine kidney epithelial
cells, the GPI-APs that target to the microdomain-rich
apical PM segregate from the basolateral GPI-APs by
forming large microdomain-rich clusters at the TGN
(Mufiiz and Zurzolo, 2014). It was shown that the apical
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GPI-APs indeed arrive at the PM as immobile clusters that
form in the Golgi network (Hannan et al., 1993). A similar
clustering mechanism taking place in the Golgi mem-
branes may function in determining the Pd targeting of
GPI-APs in plants. Our data suggest that accumulation in
the Pd-destined membrane microdomains is a primary
pathway for a GPI-AP and that the non-Pd GPI-APs are
sorted out from this pathway by signals associated with
their ectodomains. Such signals could be glycosylations at
specific residues and/or interactions of the ectodomains
with specific vesicle-sorting determinants at the TGN.
However, as with mammalian cells (Paladino et al., 2008),
it is possible that, for some plant GPI-APs, the GPI mod-
ification and remodeling steps also may contribute to
correct sorting in the secretory pathway.

Based on our findings, we propose a model that de-
scribes the targeting of Pd-associated callose-modifying
and non-Pd GPlI-anchored proteins in plant cells (Fig. 8).

cytosol

cell wall

2
3.
NN

ER
GPlaTGRGH Pd GPI-AFf non-Pd Gl:"I-AP
ectodomain ectodomain
e Membrane microdomain Callose

Figure 8. Hypothetical model describing the targeting of callose-
modifying Pd-associated GPI-anchored proteins (Pd GPI-APs) and non-
Pd GPI-APs. After attachment of the GPI anchor (black string) in the ER
and its subsequent remodeling (not shown), both groups of GPI-APs
enter the secretory pathway. The remodeled GPI-APs partition into
specialized membrane microdomains (red) in the Golgi membranes.
The Pd-associated GPI-APs are sorted into microdomain-rich clusters,
whereas the non-Pd GPI-APs are sorted out from such clusters by means
of signals associated with their ectodomains. Vesicles formed from re-
spective regions of the Golgi membranes deliver the GPI-APs to the PM,
either to microdomain-rich regions like Pd (Pd GPI-APs) or other regions
(non-Pd GPI-APs). The Pd-associated callose-modifying GPI-APs ac-
cumulate in the cell wall domain of Pd through interaction of their
ectodomains with a Pd component (e.g. callose). The non-Pd GPI-APs
are distributed uniformly at the cell surface both as membrane-
anchored and as released cell wall proteins.
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Future studies will focus on determining signals that
control the segregation and sorting of different GPI-APs
during their targeting to specific regions of the PM and the
cell wall. The distinct Pd-enriched localization of GPI-
anchored reporters can serve as a sensitive molecular tool
in studying the composition and functioning of the Pd-
associated membrane microdomains as well as uncovering
the complex mechanism of GPI-AP sorting in plant cells.

MATERIALS AND METHODS
Plant Growth Conditions and Transformation

Arabidopsis (Arabidopsis thaliana Columbia-0) and Nicotiana benthamiana
plants were grown under long-day conditions (16-h-light/8-h-dark cycle) at 22°C
and 25°C, respectively. For transient expression, mature leaves of 4-week-old
N. benthamiana plants were infiltrated with Agrobacterium tumefacienes strain
GV3101 (optical density at 600 nm = 0.2) harboring appropriate plasmids, and
gene expression was assessed at 48 h post infiltration. For stable expression in
Arabidopsis, a floral dipping method (Clough and Bent, 1998) was used.

Construction of Plant Expression Plasmids

Full-length genes or gene segments without the native N-terminal SP were
amplified from Arabidopsis cDNA using gene-specific primers. Fusions with
mCitrine (Zacharias et al.,, 2002) were constructed using SP taken from the
Arabidopsis chitinase gene (At3g12500) and expressed under the control of
the 35S promoter. First, pTZ57-SP-mCitrine plasmid was created by inserting
the 30-amino acid SP sequence upstream of and in frame with the mCitrine
coding region, between Xbal and EcoRI sites. The BG_pap and AGP4-related
SP-mCitrine fusions were created by traditional cloning, as follows. The appro-
priate gene segment with the stop codon was amplified from cDNA and inserted
into pTZ57-SP-mCitrine, downstream of and in frame with SP-mCitrine between
Kpnland Notl sites. Then, the expression cassette SP-mCitrine-gene of interest was
confirmed by sequencing and transferred into the binary plasmid pBIN-GFP (Sagi
et al., 2005) between Xbal and NofI sites by replacing the GFP gene. The PDCB1-
and LTPGI-related SP-mCitrine fusions, as well as the chimeric fusions between
PDCB1 and AGP4, were created similarly, except using overlap PCR and
subsequent Gateway technology (Invitrogen). First, the overlap PCR product
SP-mCitrine-gene of interest was recombined into pDONR207 (Invitrogen)
using AttB sites to create entry vectors. After sequencing, the entry vectors were
recombined into pLN462 binary plasmid (Jamir et al., 2004). The SP-mCitrine
fusions were created with the following protein segments of a corresponding
GPI-AP (for protein diagrams, see Fig. 1). For BG_pap-related fusions, mCit-BG,
segment 27 to 425; mCit-BG", segment 27 to 348; mCit-GPI*®, segment 401 to
425; mCit-TM"®, segment 408 to 425. For PDCBl-related fusions, mCit-CB,
segment 20 to 201; mCit-CB*C, segment 20 to 104; mCit-GPI®, segment
172 to 201. For AGP4-related fusions, mCit-AG, segment 22 to 135; mCit—GPIAG,
segment 111 to 135; mCit-TMAS, segment 117 to 135. For LTPG1-related fusions,
mCit-LT, segment 33 to 193; mCit-GPI'T, segment 160 to 193. For chimeric fu-
sions between PDCB1 and AGP4, mCit-AG*“"-GPI®, segment 22 to 110 of
AGP4 and segment 172 to 201 of PDCB1; mCit-AG*“"-CB, segment 22 to 110
of AGP4 and segment 20 to 201 of PDCB1; mCit-CB*“"-AG, segment 20 to 171 of
PDCB1 and segment 22 to 135 of AGP4. sec-mCitrine was created by amplifying
the SP-mCitrine sequence with the stop codon from pTZ57-SP-mCitrine. The PM
marker mCit-AGG2 was created by fusing mCitrine to the N terminus of AGG2
using overlap PCR. Primers used for the construction of each fusion are listed in
Supplemental Table S1. MP-RFP (Boutant et al., 2010) and mCherry-ER (Nelson
et al., 2007) were expressed from previously published constructs.

The protein domains were predicted with SMART (Schultz et al., 1998). The
C-terminal GPI modification signal was predicted with the big-PI Plant Pre-
dictor tool (Eisenhaber et al., 2003). The transmembrane segment of the GPI
signal was predicted with AG Prediction Server version 1.0 (Hessa et al., 2007).

Chemical Treatments, Plasmolysis, and
Histochemical Staining

Mannosamine (p-mannosamine hydrochloride; Sigma) was applied by in-
filtration of 10 mm water solution 24 h after agroinfiltration. After another 24 h,
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the infiltrated area was sampled for microscopy. Treatment with SA was performed
as described previously (Zavaliev et al., 2013): leaves were sprayed with 5 mm water
solution of SA (Sigma) 24 h after agroinfiltration. Leaf tissue was sampled for
microscopy 24 h after SA spray. Plasmolysis was performed by incubating leaf
samples in 0.75 M mannitol solution. The PM was stained with a 1:2,000 dilution of
10 g wL~! stock solution of FM4-64 (Molecular Probes) prior to plasmolysis.

Protein Extraction and Immunoblotting

Total proteins were extracted from 100 mg of leaf tissue of N. benthamiana 48 h
after agroinfiltration. Samples were homogenized in 300 uL of ice-cold ex-
traction buffer (50 mm phosphate buffer, pH 7.2, 150 mm NaCl, 2 mm MgCl,,
40 um MG115, 1% Triton X-114, and a cocktail of protease inhibitors [-EDTA;
Roche]) and centrifuged 15 min at 14,000 rpm at 4°C. The supernatant was used
as the total protein fraction. Proteins were resolved with 4% to 12% Bis-Tris
SDS-PAGE and probed with anti-GFP monoclonal antibody (Clontech).

Microscopy

Confocal fluorescence microscopy was performed with a Zeiss LSM 510 inverted
confocal microscope using a 40X /1.3 oil-immersion objective. mCitrine was excited
with an argon laser using a 514-nm beam splitter, and emission was detected with a
520- to 555-nm band pass filter. For colocalization with red fluorescence, mCitrine
was excited using a 488-nm beam splitter, and emission was detected with a 505- to
550-nm band pass filter. REP, mCherry, and FM4-64 were excited with a 561-nm
diode laser, and emission was detected with a 575- to 615-nm band pass filter. The
Pd- and PM-associated mCitrine fluorescence was quantified from at least
15 randomly sampled nonsaturated confocal images (512 X 512 pixels, 225 X
225 pum) using Image]. In each image, intensities from 15 to 20 Pd foci and adjacent
PM regions were quantified using the same size area.

Accession Numbers

Accession numbers for the genes characterized in this work are as follows:
BG_pap (At5g42100), PDCBI (At5g61130), AGP4 (At5g10430), LTPG1 (At1g27950),
COBRA (At5g60920), AGG2 (At3g22942), and BASIC CHITINASE (At3g12500).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Western-blot analysis of the fusion proteins char-
acterized in this study.

Supplemental Figure S2. Localization of SP-mCitrine fused to the trans-
membrane segment of the GPI signal.

Supplemental Figure S3. Localization of Pd- and non-Pd GPI-APs in trans-
genic Arabidopsis.

Supplemental Figure S4. Effects of SA-induced stress on the localization of
mCit-BG and mCit-GPI*C.

Supplemental Figure S5. Subcellular localization of SP-mCitrine fused to
full-length and truncated AGP4.

Supplemental Figure S6. Subcellular localization of SP-mCitrine fused to
GPI signal of Arabidopsis COBRA protein and SP-GFP fused to GPI
signal of BG_pap.

Supplemental Table S1. List of primers used for cloning.
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Supplemental Figure S1. A western blot analysis of the fusion proteins characterized in this study.
A, Diagrams of SP-mCitrine fusions of the proteins and their theoretical sizes in kDa (Size). B,
Western blot analysis of the fusion proteins listed in A. Total protein was extracted from transiently
expressed proteins in N. benthamiana, subjected to SDS-PAGE and probed with a-GFP antibody.
Since AGP4 is a proteoglycan, all AGP4-containing fusions (#7, 11, 12 and 13) migrate at higher
molecular weight than the theoretical polypeptide size, and show an additional high-molecular
weight smear-like band, characteristic of glycosylated proteins. Asterisk in B indicate the band
corresponding to a free mCitrine. Equal loading was confirmed by coomassie brilliant blue stain-
ing, CBB.
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Supplemental Figure S2. Localization of SP-mCitrine fused to the transmembrane
(TM) segment of the GPI signal in transient expression in N. benthamiana. A-B”,
Co-localization of mCherry-ER with SP-mCitrine fused to the predicted TM segment of
the C-terminal GPI signal of BG_pap (mCit-TMB%) (A-A”) and AGP4 (mCit-TM*%)
(B-B”). Diagrams of the fusion proteins and sequence of the TM segment are shown
above. Images are Z-projections of several confocal slices. Bars = 10pum.
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Supplemental Figure S3. Localization of Pd- and non-Pd GPI-APs in transgenic Arabidopsis. A-C,
Localization of SP-mCitrine fused to full-length BG_pap (mCit-BG) (A), AGP4 (mCit-AG) (B),
and LTPG1 (mCit-LT) (C). D-E, Localization of SP-mCitrine fused to GPI signals of BG_pap
(mCit-GPIE®) (D) and LTPG1 (mCit-GPI'") (E). F, Localization of a control fusion secreted mCi-
trine (sec-mCitrine). Bars = 10um.
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Supplemental Figure S4. Effect of salicylic acid (SA) on localization BG_pap, GPI-anchored
mCitrine, and a plasma membrane marker AGG2, in transient expression in N. benthamiana. A-D,
Localization of SP-mCitrine fused to full-length BG_pap (mCit-BG) in cells treated with water
(mock) (A-B) or with SA (C-D). E-H, Localization of SP-mCitrine fused to GPI signal of BG_pap
(mCit-GPI®%) in mock (E-F) and in SA treated cells (G-H). I-L, Localization of mCitrine fused to
AGG2 (mCit-AGG2) in mock (I-J) and in SA treated cells (K-L). Top panels show a single confocal
slice at the mid plane of the anticlinal wall. Middle panels show Z-projections of several confocal
slices across the same cell. Lower panels show localization after plasmolysis. Arrows in C-D indi-
cate the position of Pd foci, and in G’ - the position of fluorescence free zone. In plasmolysed cells
the white dashed line marks the cell wall, asterisks indicate the apoplastic space formed by the
receding protoplast, and triangles indicate the position of plasma membrane. Bars = 10um.
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Supplemental Figure S5. Localization of SP-mCitrine fused to full-length and truncated
AGP4 in transient expression in N. benthamiana. A, Localization of mCit-AG in which
SP-mCitrine was fused to the full-length ectodomain (AGP motif). B, Localization of
mCit-***AG in which the first 85aa of the ectodomain were deleted and SP-mCitrine was
fused to S107. C, Localization of mCit-GPI*S in which the entire ectodomain was deleted
and SP-mCitrine was fused to a predicted omega amino acid S111 of the GPI signal. Left
panels show a single confocal slice at the mid plane of a cell. Right panels show Z-pro-
jections of several confocal slices across the same cell. Bars = 10um.
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Supplemental Figure S6. Plasmodesmal localization of SP-mCitrine fused to GPI
signal of Arabidopsis COBRA protein (At5g60920) (mCit-GPI®©B**) and SP-GFP
fused to GPI signal of BG_pap (GFP-GPI®®) in transient expression in N. benthami-
ana. A-A”, Co-localization of mCit-GPI®9BRA with MP-RFP at Pd. B-B”, Co-local-
ization of GFP-GPI®¢ with MP-RFP at Pd. Diagrams of the native proteins and FP
fusions are shown above. Bars = Sum.



Supplemental Table S1. List of primers used for gene cloning.

Fusion Construct Primer name Primer sequence (5°-3°)
SP_XbaF1 GCCTCTAGAAACAATGAAGACTAATCTTTT
_ pTZ57-SPP. TCTCTTTCTCATC
mCitrine AGAATTCGGCCGAGGATAATGATAGGA
SP-Eco-R60 G
BGpap-Kpn-F79 ATGGTACCATCGGCATCAACTATGGCCAGG
mCit-BG pBIN-SP-mCitrine-
BG_pap BGpan-NotR1278 | AGCGGCCGCTTACAACCGAAGCTTGATGAT
pap GCAAAG
BIE-SPIF GGGGACAAGTTTGTACAAAAAAGCAGGCTT
pLN462-SP- AAACAATGAAGACTAATCTTTTTCTC
mCit-BG"© mCitrine-
GH 17500 BIRPAP-R1044 GGGGACCACTTTGTACAAGAAAGCTGGGTT
A TTAGATCCCAAGTGAGTAAACCGGAG
BIN-SP-mCitrine. | BGPa-Kpn-F1198 | AGGTACCTCCTCCGCCGGGGGAAAAG
mCit-GPI%¢ %PIBg_pap BGoan-Not.R1278 | AGCGGCCGCTTACAACCGAAGCTTGATGAT
pap GCAAAG
BGpap-Kpn-F1219 | AGGTACCAGATTCGTTGAGTGTGTGTTGTTC
mCit-TMPS pBIN-SP-mCitrine-
TMBC-Pe» BGpan-Not.R1278 | AGCGGCCGCTTACAACCGAAGCTTGATGAT
pap GCAAAG
GFP-Eco-F4 ATGAATTCGTGAGCAAGGGCGAGGAGCT
GEp.Gp[®6 | PBIN-SP-GFP-
GPIBO-P» BGoanNotR127g | AGCGGCCGCTTACAACCGAAGCTTGATGAT
pap-iot- GCAAAG
BIF-SPIF GGGGACAAGTTTGTACAAAAAAGCAGGCTT
[ NA62-SP- i AAACAATGAAGACTAATCTTTTTCTC
sec-mCitrine P Citri
ftne EGFP-R.B2 GGGGACCACTTTGTACAAGAAAGCTGGGTC
TTACTTGTACAGCTCGTCCATGC
B1F-mCitF1 GGGGACAAGTTTGTACAAAAAAGCAGGCTT
i AATGGTGAGCAAGGGCGAGGAG
. GACGAATTGGAGCTACCCGCTTCCTTGTAC
AGG2-mCit-R
iaGgs | PLN462-mCitrine- AGCTCGTCCATGCCG
AGG2 CAGGF4 GGCATGGACGAGCTGTACAAGGAAGCGGG
TAGCTCCAATTCGTC
GGGGACCACTTTGTACAAGAAAGCTGGGTC
B2R-AGGZ-R303 | 1A AAGAATGGAGCAGCCACATCG
BIF-SPIF GGGGACAAGTTTGTACAAAAAAGCAGGCTT
L N462-SP i AAACAATGAAGACTAATCTTTTTCTC
mCit-CB p ey TCGGCATGGACGAGCTGTACAAGTCATGGT

mCitrine-PDCB1

mCit-PDCB-F58

GTGTGTGTAAGACAGG

PDCB-mCit-R

CTGTCTTACACACACACCATGACTTGTACA




GCTCGTCCATGCCGA

B2R-PDCB-R606

GGGGACCACTTTGTACAAGAAAGCTGGGTT
TTAGAGCATCAGGAAAGAGCAG

GCCTCTAGAAACAATGAAGACTAATCTTTT

SP-Xba-F1 TCTCTTTCTCATC
PDCBmCitR CTGTCTTACACACACACCATGACTTGTACA
pLN462-SP- -t GCTCGTCCATGCCGA
mCit-CB¢ mCitrine-
CBM43™"! mCit-PDCB-F58 TCGGCATGGACGAGCTGTACAAGTCATGGT
GTGTGTGTAAGACAGG
PDCB-NOLR3 12 AGCGGCCGCTTAAAAGGCACAACCTGTATA
ACTG
BIF-SPIE GGGGACAAGTTTGTACAAAAAAGCAGGCTT
- AAACAATGAAGACTAATCTTTTTCTC
, TCGGCATGGACGAGCTGTACAAGGGAAATA
CiLGp® | PLN462-SP- mCit-PDCB-F458 | GcacAGGAGGCACC
mCitrine-GPIPP¢B!
. GGTGCCTCCTGTGCTATTTCCCTTGTACAGC
PDCB-F458-mCit TCGTCCATGCCGA
GGGGACCACTTTGTACAAGAAAGCTGGGTT
B2R-PDCB-R606 TTAGAGCATCAGGAAAGAGCAG
OBIN-SP-mCitrine. | AGP-Kpn-F64 AGGTACCCAAGCCCCTGCTCCTACTCC
mCit-AG R Gpa AGP-NOLRA0S 1Z(C}CGGCCGCTCAAGCCAAAACGGCGGCGT
OBIN-SP-mCitrine. |- AGP-Kpn-F331 AGGTACCAGCGCCGCATTCTCCAACAAG
. AG -SPb- -
mCit-GPI P[P AGP-NOLRA08 Q(C}CGGCCGCTCAAGCCAAAACGGCGGCGT
AGP-Kpn-F319 AGGTACCTCCCCTGCCCCAAGCGCC
mCit-ABAG pBIN-SP-mCitrine-
A5 AGP4 AGCGGCCGCTCAAGCCAAAACGGCGGCGT
AGP-Not-R408 =
BIN-SPmCii AGP-Kpn-F349 AGGTACCAAGGCTTTCTTCGCCGGAACC
mCit-TMAS gMA6P4 -mCitrine-
AGP-NOLRA08 Q(C}CGGCCGCTCAAGCCAAAACGGCGGCGT
BIF-SPIE GGGGACAAGTTTGTACAAAAAAGCAGGCTT
AAACAATGAAGACTAATCTTTTTCTC
. TCGGCATGGACGAGCTGTACAAGGATGAAT
LT | PLNd62-SP- mCLTPGFY7 | GCAACCAGGATTTTC
mCitrine-LTPG1 LTPGOT-mCitR TTGAAAATCCTGGTTGCATTCATCCTTGTAC
AGCTCGTCCATGCCGA
GGGGACCACTTTGTACAAGAAAGCTGGGTT
B2R-LTPG-R582 TTACATCCCTAATGTGACATGTC
BIF-SPIF GGGGACAAGTTTGTACAAAAAAGCAGGCTT
AAACAATGAAGACTAATCTTTTTCTC
. TCGGCATGGACGAGCTGTACAAGGGATCAG
iGplT | PLN462-SP- mCILLTPGFATS | CTTCAGCAAAGGATG

mCitrine-GPI"™?¢!

LTPG475-mCit-R

ACCATCCTTTGCTGAAGCTGATCCCTTGTAC
AGCTCGTCCATGCCGA

B2R-LTPG-R582

GGGGACCACTTTGTACAAGAAAGCTGGGTT
TTACATCCCTAATGTGACATGTC




mCit-AG2SFL
GPI‘®

pLN462-SP-
mCitrine-AGP46FL
GPIPDCB 1

GGGGACAAGTTTGTACAAAAAAGCAGGCTT

BIF-AGP-FI AATGGGTTCCAAGATTGTCCAAG
AGP330- CCTTCAGATGCATCCCCTGCCCCATCAAGC
GPIpdcbF700 AAATTGTTCATCTGC

GPIpdcb700-AGP-
R330

GCAGATGAACAATTTGCTTGATGGGGCAGG
GGATGCATCTGA

B2R-BGpap-R1278

GGGGACCACTTTGTACAAGAAAGCTGGGTT
TTACAACCGAAGCTTGATGATGC

mCit-AG2P.CB

pLN462-SP-
mCitrine-AGP42CPL
PDCBI

B1F-AGP-F1

GGGGACAAGTTTGTACAAAAAAGCAGGCTT
AATGGGTTCCAAGATTGTCCAAG

AGP330-PDCB-F58

CTTCAGATGCATCCCCTGCCCCATCATGGTG
TGTGTGTAAGACAGG

PDCB58-AGP-R330

CCTGTCTTACACACACACCATGATGGGGCA
GGGGATGCATCTG

B2R-PDCB-R606

GGGGACCACTTTGTACAAGAAAGCTGGGTT
TTAGAGCATCAGGAAAGAGCAG

mCit-CB*“*LAG

pLN462-SP-
mCitrine-
PDCB1%°P.AGP4

B1F-SP1F

GGGGACAAGTTTGTACAAAAAAGCAGGCTT
AAACAATGAAGACTAATCTTTTTCTC

PDCB513-AGP-F64

ATTAACCCGGATTACACGACAGACCAAGCC
CCTGCTCCTACTCC

AGP64-PDCB-R513

GTGGGAGTAGGAGCAGGGGCTTGGTCTGTC
GTGTAATCCGGGTTAATC

B2R-GPIAGP

GGGGACCACTTTGTACAAGAAAGCTGGGTT
TCAAGCCAAAACGGCGGCGTAC

mCit-GPIOBRA

pBIN-SP-mCitrine-
GPICOBRA

COB-Kpn-F1244

AGGTACCGGAGACAATTGCGTCATGCCTC

COB-Not-R1371

ATGCGGCCGCTTAGGCAGAGAAGAAGAAA
AAGACAAG




