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Abstract

Glycosylphosphatidylinositol (GP1)-anchored proteins (GPI-APs) play an important role in a variety of plant biological
processes including growth, stress response, morphogenesis, signaling, and cell wall biosynthesis. The GPI anchor contains a
lipid-linked glycan backbone that is synthesized in the endoplasmic reticulum (ER) where it is subsequently transferred to
the C-terminus of proteins containing a GPI signal peptide by a GPI transamidase. Once the GPI anchor is attached to the
protein, the glycan and lipid moieties are remodeled. In mammals and yeast, this remodeling is required for GPI-APs to be
included in Coat Protein Il-coated vesicles for their ER export and subsequent transport to the cell surface. The first reac-
tion of lipid remodeling is the removal of the acyl chain from the inositol group by Bst1p (yeast) and Post-GPI Attachment
to Proteins Inositol Deacylase 1 (PGAP1, mammals). In this work, we have used a loss-of-function approach to study the
role of PGAP1/Bst1 like genes in plants. We have found that Arabidopsis (Arabidopsis thaliana) PGAP1 localizes to the
ER and likely functions as the GPI inositol-deacylase that cleaves the acyl chain from the inositol ring of the GPI anchor.
In addition, we show that PGAP1 function is required for efficient ER export and transport to the cell surface of GPI-APs.

Introduction with hydrophobic amino acids, which are embedded within

Proteins associated with the plasma membrane are involved
in a variety of essential functions in eukaryotes, including
signaling, transport, and cell surface metabolism (Yeats et al,
2018). Proteins can be attached to the plasma membrane in
several ways. Transmembrane proteins contain domains

the plasma membrane lipid bilayer, while other proteins use
a post-translational attachment to lipids. For instance, if a
protein has to be on the intracellular face of the plasma
membrane, it can be post-translationally modified by S-acyl-
ation, N-myristoylation, prenylation, or palmitoylation
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(Luschnig and Seifert, 2011; Hemsley, 2015). A protein can
also be attached to a GPI anchor during secretion, which
targets it to the outer surface of the plasma membrane.
GPl-anchored proteins (GPI-APs) have been studied from
yeast and trypanosomes to mammals and plants and shown
to be involved in crucial biological processes, including
growth, morphogenesis, reproduction, and pathogenesis
(Cheung et al, 2014). The GPI anchor is synthesized in the
endoplasmic reticulum (ER) and is then attached to the C-
terminus of proteins containing a GPI signal peptide by a
GPI transamidase (Desnoyer et al, 2020; Kinoshita, 2020).
The GPl-anchor precursor consists of a glycan core (with
glycan side chains) and phosphatidylinositol (PI) with an
acyl chain at the 2-position of the inositol ring. The glycan
core is characterized by having a N-acetyl glucosamine and
three a-linked mannoses attached to ethanolamine phos-
phate (EtNP). The GPI anchor is attached to the polypeptide
by an amide bond between EtNP and the C-terminal of the
polypeptide (Kinoshita and Fujita, 2016). The GPI-AP stays
anchored to the luminal leaflet of the ER lipid bilayer by in-
sertion of hydrocarbon chains of Pl, diacyl-PI in yeast and a
mixture of 71-alkyl-2-acyl PI (major form) and diacyl-PI
(minor form) in mammalian cells. Once the GPI anchor is
attached to the protein, the glycan and lipid moieties are
remodeled and this process has been shown to be very im-
portant for ER export and transport to the cell surface of
GPI-APs (Muniz and Riezman, 2016; Kinoshita, 2020).
GPl-anchor remodeling has been extensively studied in
yeast and mammals. In yeast, the GPl-lipid remodeling
occurs entirely in the ER (Pittet and Conzelmann, 2007) and
is initiated with the inositol deacylation at the 2-position of
the inositol ring by the remodeling enzyme Bst1p (Post-GPI
Attachment To Proteins Inositol Deacylase 1, PGAP1, in
mammals; Figure 1; Tanaka et al, 2004; Fujita et al., 2006b).
This makes GPI-APs sensitive to the bacterial Pl-specific
phospholipase C (PI-PLC; Low, 1989). Next, the short and
unsaturated fatty acid (C18:1) at the sn2 position of Pl is re-
moved by the remodeling enzyme Per1p (PGAP3 in mam-
mals; Figure 1; Fujita et al, 2006a) and is replaced with a
very long-chain saturated fatty acid (C26:0) by Gupip
(Bosson et al, 2006). The C26:0 diacylglycerol generated
seems to be present only in those GPI-APs destined to be
transferred to the cell wall (Pittet and Conzelmann, 2007).
GPI-APs that remain in the plasma membrane also contain
anchors with a very long-chain saturated fatty acid (C26:0)
in the form of ceramide. Cwh43p is the enzyme which car-
ries out the addition of ceramide as the lipid moiety to the
GPI anchor in yeast (Umemura et al, 2007; Yoko-o et al,
2018). The substrate for the ceramide remodeling is still not
clear, but it has been described that most lipid moieties of
GPI anchors are exchanged from diacylglycerol to ceramide
types (Ghugtyal et al, 2007). These long-chain saturated
fatty acids change the physical properties of the GPI-APs
and the association with the membrane forming ordered
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domains at the ER lipid membrane (Silva et al,, 2006) allow-
ing these domains to be selectively concentrated at specific
ER exit sites (ERES; Muniz and Riezman, 2016; Rodriguez-
Gallardo et al, 2020). The GPI-APs preassembled at ERESs
are transported from the ER to the Golgi by Coat Protein Il
(COPIl)-coated vesicles. Due to the luminal localization of
GPI-APs, a cargo receptor (p24 complex) is required for in-
corporation of GPI-APs into nascent COPIl vesicles
(Castillon et al, 2011; Manzano-Lopez et al, 2015). It has
been shown that GPl-anchor remodeling is required for effi-
cient ER export of GPI-APs (Vashist et al, 20071; Kinoshita
and Fujita, 2016). After leaving the ER, GPI-APs are trans-
ported along the secretory pathway, through the Golgi com-
plex, to their final destination, the plasma membrane, or the
cell wall. Proper fatty acid remodeling of the GPI anchor
also allows GPI-APs to associate to membrane microdo-
mains enriched in sphingolipids and cholesterol (lipid rafts;
Fujita et al, 2006a; Maeda et al., 2007; Castillon et al,, 2011;
Muniz and Zurzolo, 2014).

Around 300 GPI-APs (10% of secreted proteins) have been
predicted in Arabidopsis (Arabidopsis thaliana). They play
important roles in a variety of plant biological processes oc-
curring at the interface of the plasma membrane and the
cell wall, including growth regulation, transport to plasmo-
desmata, stress response, morphogenesis, signaling and cell
wall biosynthesis, and maintenance (Borner et al, 2003;
Yeats et al, 2018). To date, only one plant GPl-anchor struc-
ture has been resolved, the structure of PcAGP1, isolated
from Pyrus communis (pear) cell suspension culture (Oxley
and Bacic, 1999). From this structure, it can be said that the
core structure of GPI anchors seems to be conserved in
plant and nonplant eukaryotes. In addition, a survey of the
Arabidopsis genome indicates that most of the genes in-
volved in particular steps of GPl-anchor assembly and their
remodeling have putative orthologs in Arabidopsis (Luschnig
and Seifert, 2011). Disrupting GPl-anchor synthesis in
Arabidopsis is lethal, as is the case in yeast and mammals
(Lalanne et al, 2004; Gillmor et al, 2005; Dai et al, 2014;
Bundy et al, 2016). In contrast, disruption of GPl-anchor
lipid remodeling catalyzed by Bst1/PGAP1 or Per1/PGAP3 is
not lethal in yeast (Elrod-Erickson and Kaiser, 1996; Fujita
et al, 2006a, 2006b; Komath et al, 2018) and mammals
(Ueda et al, 2007; Murakami et al, 2014; Williams et al.,
2015; Kinoshita 2020). To our knowledge, no studies have
reported on mutants in lipid remodeling enzymes of GPI-
APs in plants. Such studies would provide important insights
to understand plant GPl-anchor remodeling and its role in
trafficking and function of GPI-APs, as was the case with
studies in mammals and yeast (Muniz and Riezman, 2016;
Kinoshita, 2020), and may reveal plant distinct and unique
characteristics. In this work, we have used a loss-of-function
approach to initiate the study of the role of a putative
Arabidopsis ortholog of mammalian PGAP1 and yeast Bst1p,
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Figure 1 GPI-lipid remodeling in yeast. The GPI anchor is synthesized in the ER and consists of a glycan core and phosphatidylinositol (PI) with an

acyl chain at the 2-position of the inositol ring (Kinoshita and Fujita, 2016).

After protein attachment, the glycan and lipid moieties are remodeled

and this process has been shown to be very important for the transport and final localization of the GPI-APs. The GPI-lipid undergoes a structural
remodeling that has the purpose of providing saturated lipids and in yeast it occurs almost entirely at the ER where it is initiated with the inositol
deacylation at the 2-position of the inositol ring by the remodeling enzyme Bst1p (PGAP1 in mammals). The rest of lipid remodeling enzymes are
indicated, see text for details (modified from Muniz and Zurzolo, 2014). IPC, inositolphosphoceramide.

the enzymes involved in inositol deacylation, the first step
of GPI anchor remodeling.

Results

Identification of PGAP1 in Arabidopsis

Inositol deacylation of GPI-APs is mediated by mammalian
PGAP1 and yeast Bst1p (Figure 1). Yeast Bst1p (1,029 amino
acids) and mammalian PGAP1 (922 amino acids) are
multi transmembrane ER proteins with a catalytic serine
containing motif that is conserved in a number of lipases
(Tanaka et al, 2004). By searching for Arabidopsis putative
GPI inositol-deacylase PGAP1-like (IPR0O12908, pfam07819)
genes using Pfam and InterPro databases (Hunter et al,
2009; Finn et al, 2010), six Arabidopsis genes were found
(Supplemental Table S1). The presence of the Pfam PGAP1
motif was further checked by PfamScan and the manually
curated Pfam-A database. Of the six genes, one showed no
significant results with any motif, two presented other
motifs from the AB_hydrolase clan (CL0028), and the rest,
AT3G27325, AT4G34310.1, and AT5G17670.1 showed the
presence of the PGAP1 motif, although only the AT3G27325
gene presented the complete motif. To clarify the potential
redundancy of the three genes containing PGAP1 motifs, a
phylogenetic maximum-likelihood tree was built using the
271 protein sequences classified as orthologs of the three
genes in EnsemblPlants. The tree shows that the genes di-
verged early in the history of life, at least before the radia-
tion of Viridiplantae (Supplemental Figure S1). AT3G27325
is predicted to localize to the ER (Supplemental Table S1)
and its topology prediction (Dobson et al, 2015 Hofmann
and Stofel, 1993; Supplemental Figure S2) indicates that the

gene codifies for eight transmembrane domain protein, with
a cytoplasmic N- and C-terminus, very similar to the topol-
ogy of yeast Bst1p or HsPGAP1, although HsPGAP1 has only
six predicted transmembrane regions. The lipase consensus
sequence, located in a large hydrophilic region after the first
transmembrane domain, is conserved between AT3G27325,
HsPGAP1, and Bst1p. Therefore, AT3G27325 is likely the
Arabidopsis ortholog of Bst1p/HsPGAP1 (Luschnig and
Seifert, 2011), and thus was chosen for further investigation
in this study. We chose PGAPT (the mammalian name of
the gene) to name AT3G27325 because it is the name that
appears in the Arabidopsis Information Resource and be-
cause the yeast name (Bst1) had already been assigned to
the Arabidopsis gene AT5G65090 (BSTT1, Bristled). To investi-
gate the expression of PGAP1 in different developmental
stages, we used the publicly available RNAseq expression
database  GENEVESTIGATOR  (www.genevestigator.com;
Zimmermann et al, 2004; Hruz et al, 2008). PGAP1 shows
medium levels of expression in most tissues throughout
plant development (Supplemental Figure S3).

In order to determine the subcellular localization of
PGAP1, PGAP1 constructs with either N- or C-terminal RFP
were used for transient expression in Nicotiana benthamiana
leaves. Both PGAP1-RFP and RFP-PGAP1 showed an ER-like
localization pattern and extensively colocalized with the ER
marker GFP-HDEL (Figure 2). No colocalization was found
with markers of the Golgi apparatus (Manl-YFP or GFP-
EMP12). These results clearly showed that Arabidopsis
PGAP1 protein localizes to the ER, consistent with the locali-
zation of mammalian PGAP1 (Tanaka et al, 2004; Liu et al,
2018) and yeast Bst1p (Elrod-Erickson and Kaiser, 1996).
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Figure 2 Localization of PGAP1-RFP and RFP-PGAP1. Transient expression in N. benthamiana leaves of PGAP1-RFP (B and E) or RFP-PGAP1 (H
and K) together with GFP-HDEL (ER marker; A and G) and the Golgi markers Manl-YFP (D) or GFP-EMP12 (J); see merged images in C, F, |, and L.

Scale bars = 10 pum.

To functionally characterize Arabidopsis PGAPT, a reverse
genetics approach was chosen. Several T-DNA insertion
mutants of PGAPT were found in the Arabidopsis SALK col-
lection  (http://signal.salk.edu/cgi-bin/tdnaexpress).  Four
mutants of PGAP1, pgap1-1 (SALK_078662), pgap1-2
(SAIL_1212_H07), pgap1-3 (SALK_027086), and pgapl1-4
(SALK_004218), with T-DNA insertions in different positions
within the gene, were characterized (Figure 3). Homozygous
plants were selected by PCR. Reverse Transcription (RT)-
semi-quantitative PCR (sqPCR) analysis indicated that
pgap1-1, pgap1-2, and pgap1-4 are knockdown mutants,

showing <10% of wild-type PGAPT expression levels, while
pgap1-3 is likely to be a knockout mutant (Figure 3). pgap1
mutants showed slightly reduced plant height compared to
wild-type plants (Figure 3). In addition, we observed a re-
duction in root length in pgap1 seedlings compared to wild-
type (Supplemental Figure S4). GPI-APs in plants have been
shown to influence cell wall metabolism, cross-linking, and
signaling (reviewed in Yeats et al, 2018). To investigate pos-
sible changes in cell walls in pgap1 mutants, cell wall com-
positional analysis was undertaken. Analysis of cell wall
polysaccharides showed increased amounts of Arabinan and
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Figure 3 Characterization of pgap1 mutants. A, Diagram of the PGAP1 gene and localization of the T-DNA insertion (triangle) in the pgap1-1 and
pgap1-2, pgap1-3, and pgap1-4 mutants. Black boxes represent coding regions and white boxes represent 5'- and 3/-Untranslated region (UTR)
regions and arrows indicate the positions of the primers used for the characterization of the mutants. B, RT-sqPCR analysis of PGAP1 expression in
pgap1 mutants. Total RNA from pgap1-1, pgap1-2, pgap1-3, pgap1-4, and wild-type (Col-0) 4-d-old seedlings were used for PCR. PGAP1-specific
primers were used (Supplemental Tables S3 and S4). Actin-7 (ACT7) was used as a control. PCR samples were collected at cycle 22 for ACT7 and at
cycle 36 for PGAP1. No wild-type PGAP1 band was detected in pgap1-3. C, Quantification of the bands in the experiments shown in B from three bi-
ological samples. No band was detected in the pgap71-3 mutant and thus it is not shown in the quantification. Values were normalized against the
PGAP1 fragment band intensity in wild-type that was considered to be 100%. Error bars represent standard error of the mean (SEM). D, Left, 20-d-old
plants and middle panel, 42-d-old plants of wild-type and the pgap1-1 mutant. In the right, the height of 42-d-old wild-type and pgap1 mutant
plants expressed as mean = sem (n = 4). Data asterisk represents statistic differences based on Student’s t test with P < 0.05.

decreased content of type Il AG and xyloglucan in the
pgap1-3 mutant compared to wild-type (Figure 4;
Supplemental Table S2). These results were confirmed by
antibody labeling and immunofluorescence detection of
xyloglucan (LM15) and arabinogalactan protein (AGP)
(JIM8) epitopes in wild-type and pgap? mutants. LM15 sig-
nals were stronger in cell walls of the upper and lower epi-
dermis in wild-type plants compared to the pgap1-3
mutant (Supplemental Figure S5). JIM8 labeling of AGP epit-
opes showed weak fluorescence signals in upper and lower
epidermal cell walls from wild-type plants, which were

undetectable in epidermal cell walls from the pgap1-3 mu-
tant (Supplemental Figure S5).

Localization of GPI-APs in pgap1 mutants

GPl-anchor remodeling has been shown to be important for
efficient trafficking of yeast and mammalian GPI-APs from
the ER to the plasma membrane (Tanaka et al., 2004; Fujita
et al, 2006b; Castillon et al, 2009; Castillon et al, 2011).
Therefore, we analyzed the localization of GPI-APs in pgap1
mutants. To this end, we used two different GPI-APs.
One of them was GFP fused to arabinogalactan 4 (AGP4),
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Figure 4 Monosaccharide and polysaccharide compositions of wild-
type (Col-0) and pgap1-3 seedlings. Methylation analysis showed no
obvious differences in deduced monosaccharide (A) composition be-
tween Col-0 and pgap1-3 mutants. Polysaccharide composition (B)
did not detect any statistically significant changes at P < 0.05 (Student
t test, two sample assuming unequal variance). However, it showed a
consistent trend of reduced Type Il AG and xyloglucan and increased
Arabinan content in pgap1-3 compared to Col-0. RG: rhamnogalac-
turonan. Data shown are the average of three biological replicates
with two technical replicates each. Error bars represent sem.

GFP-AGP4. AGPs are cell surface proteoglycans that seem to
be involved in diverse developmental processes such as dif-
ferentiation, cell-cell recognition, embryogenesis, and pro-
grammed cell death (Ellis et al, 2010; Pereira et al, 2016;
Strasser et al, 2021). GFP-AGP4 has been shown previously
to localize to the plasma membrane (Martiniere et al., 2012;
Bernat-Silvestre et al, 2020). The second one was Venus
fused to FLA11 (V-FLA11), a member of Fasciclin-Like
Arabinogalactan (FLA) proteins that play important biologi-
cal roles related to cell adhesion (Johnson, 2003; MacMillan
et al, 2010). In addition, we also used a glycosylphosphatidy-
linositol-anchored GFP (GFP-GPI; Martiniére et al, 2012
Bernat-Silvestre et al, 2020). As a control, we used a trans-
membrane plasma membrane protein, the aquaporin PIP2A-
RFP (Nelson et al,, 2007).

We first analyzed the localization of these proteins by
transient expression in Arabidopsis seedlings. As shown in
Figure 5, GFP-AGP4, V-FLA11, and GFP-GPI were exclusively
localized to the plasma membrane of cotyledon cells of
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wild-type Arabidopsis seedlings, as was the case for the
transmembrane plasma membrane protein PIP2A-RFP. This
was shown previously for GFP-AGP4 and GFP-GPI (Bernat-
Silvestre et al, 2020). V-FLA11 was also found to colocalize
with PIP2A-RFP in wild-type seedlings (Supplemental Figure
S6). In clear contrast, GFP-AGP4, V-FLA11, and GFP-GPI
showed an ER-like localization pattern in pgapl mutants,
which was not the case of PIP2A-RFP, which localized to the
plasma membrane in these mutants (Figure 5; Supplemental
Figure S7). This suggests that PGAP1 enzyme is specifically
required for transport to the plasma membrane of GPI-APs,
and that loss of PGAP1 function does not affect transport
from the ER to the plasma membrane of transmembrane
proteins. The defect in transport of GPI-APs in pgap1
mutants was not a consequence of an alteration in the
compartments of the secretory pathway, since no obvious
defects were observed in the localization pattern of
several organelle marker proteins, including GFP-HDEL (ER),
GFP-EMP12  (Golgi  apparatus), TIP1-GFP  (tonoplast),
SPdCt-mCherry (vacuole lumen), SCAMP1-YFP (plasma
membrane), and GFP-CESA3 (TGN/plasma membrane;
Supplemental Figure S8). The ER localization of GFP-AGP4
and V-FLA11 in pgapl mutants was then confirmed by
colocalization experiments. As shown in Figure 6, both GFP-
AGP4 and V-FLA11 strongly colocalized with two different
ER marker proteins, an ER luminal protein (mCherry-HDEL)
and an ER membrane protein (RFP-p2435). Occasionally,
GFP-AGP4 and V-FLA11 were also found in punctate struc-
tures, which colocalized with the Golgi marker Manl-RFP,
suggesting that a small fraction of these GPI-APs also local-
ize to the Golgi apparatus in pgap? mutants. The main ER
localization of GFP-AGP4 and V-FLA11 in pgapl mutant
Arabidopsis seedlings was also confirmed biochemically (see
below).

To test if the involvement of PGAPT in trafficking of GPI-
APs was specific for AT3G27325, we also tested the localiza-
tion of GFP-AGP4, V-FLA11, and GFP-GPI in T-DNA inser-
tion mutants of AT4G34310 (presenting a partial PGAP1
motif and expected to localize to chloroplast/mitochondria)
and of other AB_hydrolases (AT2G44970 and AT3G52570;
Supplemental Table S1 and Supplemental Figure S9). As
shown in Supplemental Figure S10, these GPI-APs localized
to the plasma membrane in these mutants, as it was the
case of the transmembrane plasma membrane protein
PIP2A-RFP. This suggests that these PGAP1-like genes en-
code proteins that are not required for transport from the
ER to the plasma membrane of GPI-APs.

We next analyzed the localization of GFP-AGP4 and GFP-
GPI by an alternative transient expression system,
Arabidopsis protoplasts. In protoplasts from wild-type
Arabidopsis plants, GFP-AGP4 and GFP-GPI mostly localized
to the plasma membrane, as we have shown previously
(Bernat-Silvestre et al, 2020). In contrast, GFP-AGP4 and
GFP-GPI showed a predominant ER localization pattern in
protoplasts from the pgap1-1 mutant (Figure 7). The ER lo-
calization of GFP-AGP4 and GFP-GPl in pgapl mutant
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Figure 5 Localization of GFP-AGP4, V-FLA11, and GFP-GPI in wild-type and pgap1 Arabidopsis seedlings. Transient gene expression in wild-type
(Col-0; A-D) or pgap1-1 (E-H), pgap1-2 (I-L), pgap1-3 (M-P), and pgap1-4 (Q-T) Arabidopsis seedlings. The three GPI-APs, GFP-AGP4, V-
FLA11, and GFP-GPI mainly localized to the plasma membrane in cotyledon cells from wild-type (Col-0) seedlings, as the transmembrane plasma
membrane protein PIP2A-RFP. In the four pgap1 mutants, GFP-AGP4, V-FLA11, and GFP-GPI showed a predominant ER localization pattern, in
contrast to PIP2A-RFP, which mainly localized to the plasma membrane. Scale bars, 10 pm.

protoplasts was confirmed by colocalization experiments. As
shown in Figure 7, both GFP-AGP4 and GFP-GPI strongly
colocalized with two different ER marker proteins, RFP-
calnexin and RFP-p2435. We could also detect the presence
of both GFP-AGP4 and GFP-GPI at the plasma membrane,
as shown by colocalization with Fei Mao styryl dye FM4-64,
a lipid probe routinely used to label the plasma membrane
(Figure 7). This suggests that a fraction of these GPI-APs can
reach the plasma membrane in pgap1 mutants, as observed
also biochemically (see below). To test if the lack of the

PGAP1 enzyme affects the localization of other plasma
membrane proteins different from GPI-APs, we used differ-
ent membrane-anchoring types of minimal constructs,
including a myristoylated and palmitoylated GFP (MAP-
GFP) and a prenylated GFP (GFP-PAP; Martiniere et al,
2012). We also used a transmembrane protein, a GFP fu-
sion with the plasma membrane ATPase (GFP-PMA). As
shown in Supplemental Figure S11, these three proteins
mainly localized to the plasma membrane of pgap1-1 pro-
toplasts, as in protoplasts from wild-type Arabidopsis
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Figure 6 Colocalization of GPI-APs with ER markers in pgap1-3 seedlings. Transient expression in Arabidopsis seedlings. A—F, Coexpression of
GFP-AGP4 (A) and V-FLA11 (D) with the ER marker mCherry-HDEL (B and E; see merged images in C and F). G-L, Coexpression of GFP-AGP4 (G)
and V-FLA11 (J) with the ER marker RFP-p2485 (H and K; see merged images in | and L). M—R, Coexpression of GFP-AGP4 (M) and V-FLA11 (P)
with the Golgi marker ManI-RFP (N and Q; see merged images in O and R). Scale bars = 10 pum.

plants. Therefore, PGAP1 function seems to be specifically
required for ER export and transport to the plasma mem-
brane of GPI-APs.

To test if GPI-APs could also reach the cell surface in
pgap1 seedlings, the localization of GFP-AGP4 was also an-
alyzed after inhibition of protein synthesis. As shown in

Figure 8, A—F, treatment of pgap1-3 seedlings with 20-uM
cycloheximide caused a progressive relocalization of GFP-
AGP4 from the ER to the cell surface, with ER labeling
being almost undetectable after 6 h. This indicates that
GFP-AGP4 can reach the cell surface in the absence of
PGAP1 but with a delayed kinetics, suggesting that PGAP1
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Figure 7 Localization of GFP-AGP4 and GFP-GPl in wild-type
and pgap1-1 Arabidopsis protoplasts. Transient expression in wild-type
(A-C) and pgap1-1 Arabidopsis protoplasts (D-X). A-F, GFP-AGP4
(A and B) and GFP-GPI (C) localized in the plasma membrane in wild-
type protoplasts. A and B show two different confocal planes In con-
trast, GFP-AGP4 (D, E) and GFP-GPI (F) showed an ER-like localization
pattern in pgap1-1 protoplasts (D—F). G-L, Coexpression of GFP-AGP4
(G) or GFP-GPI (J) with the ER marker RFP-calnexin (H and K; see
merged images in | and L). M-R, Coexpression of GFP-AGP4 (M) or
GFP-GPI (P) with the ER marker RFP- p2485 (N and Q; see merged
images in O and R). S-X, Colocalization of GFP-AGP4 (S) or GFP-GPI
(V) with the FM dye FM4-64 (T, W; see merged images in U and X).
Scale bars = 10 pm.
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is involved in efficient transport of GPI-APs from the ER to
the cell surface.

Plants stably expressing GFP-AGP4 in wild-type and pgap1
mutant backgrounds were generated to confirm the localiza-
tion seen in transient expression systems. As shown in
Figure 8, G-L, GFP-AGP4 mainly localized at the cell surface
in cotyledon and root cells from wild-type seedlings. In con-
trast, GFP-AGP4 showed a typical ER-localization pattern in
pgap1-3 seedlings although it also localized partially to the
cell surface, which is consistent with a delayed transport of
GPI-APs to the cell surface in the mutant.

GPl-anchor remodeling in pgap1 mutants

We next used biochemical approaches to investigate the pu-
tative function of Arabidopsis PGAP1 in GPI anchor remod-
eling (in particular inositol deacylation) of GPI-APs. We have
recently shown that GFP-AGP4 is a GPI-AP (Bernat-Silvestre
et al, 2020). Here, we have now biochemically characterized
V-FLAT1. To this end, a postnuclear supernatant (PNS) from
N. benthamiana leaves expressing V-FLA11 was analyzed by
SDS-PAGE and immunoblotting with antibodies against
GFP, to detect the Venus tag of V-FLA11 (Supplemental
Figure S12). Similar to GFP-AGP4, two forms of V-FLAT1
were detected, a predominant higher molecular weight
smearing form (=75 kDa), that may correspond to the ma-
ture form of the moderately glycosylated V-FLA11, and a
much less abundant smaller molecular weight form (~65
kDa) that may correspond to the ER form of V-FLAT1
(Supplemental Figure S12A). To confirm localization of the
two V-FLA11 forms, leaves expressing V-FLA11 were treated
with brefeldin A (BFA), to accumulate newly synthesized
proteins at the ER. In the absence of BFA, V-FLA11 mainly
localized to the plasma membrane, as expected
(Supplemental Figure S12C). However, in the presence of
BFA, V-FLA11 accumulated at the ER, where it showed a
high degree of colocalization with the ER membrane protein
RFP-p2465 (Supplemental Figure S12C). As shown in
Supplemental Figure S12A, BFA treatment produced a dras-
tic reduction of the 75 kDa smearing form and a concomi-
tant increase in the 65 kDa band. This strongly suggests that
65-kDa band corresponds to the ER form of V-FLAT1,
whereas the 75 kDa smear should be the glycosylated form
present at the Golgi/plasma membrane. We have previously
found a similar behavior for GFP-AGP4, with a 115 kDa
smear form corresponding to the plasma membrane form
and a 70 kDa band, which was shown to correspond to the
ER form of GFP-AGP4 (Bernat-Silvestre et al., 2020).

To demonstrate that V-FLA11 is a GPI-AP, we used Triton
X-114 extraction and PI-PLC treatment. PNS from N. ben-
thamiana leaves expressing V-FLA11 was extracted with
Triton X-114 (TX114) and the TX114 detergent phase (con-
taining V-FLA11) was either treated or not with PI-PLC, as
described in “Materials and Methods”. PI-PLC hydrolyzes the
phosphodiester bond of the PI, thereby releasing the protein
from the membrane (Low, 1989). As shown in Supplemental
Figure S12B, both the plasma membrane smear and the ER
form of V-FLA11 were sensitive to PI-PLC, and moved from
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Figure 8 Localization of GFP-AGP4 in transient and stable expression systems in wild-type and pgap1-3 Arabidopsis seedlings. A-F, Transient expres-
sion of GFP-AGP4. pgap1-3 seedlings expressing GFP-AGP4 were incubated in the presence of 20 LM cycloheximide and analyzed by CLSM after O,
2, 4, and 6 h (C-F). Controls include CHX-treated wild-type (Col-0; A) and DMSO treated pgap1-3 (B) seedlings. G-L, Stable expression of GFP-
AGP4. Localization of GFP-AGP4 in cotyledon (G, )), or root cells (H, 1, K, L) of wild-type (Col-0; G-1) or pgap1-3 seedlings (J-L). Scale bars, 10 um.

the detergent to the aqueous phase, thus confirming the
GPI anchoring of V-FLA11.

To characterize GFP-AGP4 and V-FLA11 in wild-type and
pgap1 mutants, both proteins were transiently expressed in
seedlings and PNSs were analyzed by SDS-PAGE and immu-
noblotting with GFP antibodies, as described previously.
Expression of both GFP-AGP4 and V-FLA11 in wild-type
seedlings resulted in detection of a higher molecular weight
smear form, which represents the plasma membrane form

of both proteins, and a lower molecular weight band which
should correspond to their ER form (Figure 9). In the case of
V-FLA11, the smeared higher molecular weight form was
larger than that observed in N. benthamiana leaves, suggest-
ing a greater degree of glycosylation. Remarkably, when both
proteins were expressed in the pgap1-3 mutant we found a
drastic reduction of the higher molecular weight smear
forms and a concomitant increase in the lower molecular
weight bands (Figure 9, A and B). This is consistent with the
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Figure 9 Biochemical characterization of GFP-AGP4 and V-FLA11 in
wild-type and pgap1-3 seedlings. A, B, PNS were obtained from
cotyledons of wild-type (Col) and pgap1-3 mutant seedlings tran-
siently expressing GFP-AGP4 (A) and V-FLA11 (B) and analyzed by
SDS-PAGE and immunoblotting with antibodies against GFP (to
detect GFP-AGP4 and V-FLA11). In wild-type seedlings, both GFP-
AGP4 and V-FLA11 showed a smear with a molecular mass around
100-130 kDa, which correspond to the plasma membrane form of
GFP-AGP4 (Bernat-Silvestre, 2021) and V-FLA11 (Supplemental
Figure S12), and additional bands (around 70 kDa and 63 kDa) cor-
responding to the ER forms of GFP-GP4 (Bernat-Silvestre et al.,
2020) and V-FLA11 (Supplemental Figure S12), respectively. In the
pgap1-3 mutant, there was a strong decrease in the smear form
(plasma membrane) of both proteins with a concomitant increase
in their ER forms. C, D, Left (GFP-AGP4). Membrane fractions were
obtained from PNSs of wild-type (C) or pgap1-3 mutant (D) seed-
lings expressing GFP-AGP4 and incubated in the absence or pres-
ence of PI-PLC. Then, membranes were pelleted by centrifugation
and pellets (P) and supernatants (S) were analyzed by SDS-PAGE
and immunoblotting with antibodies against GFP to detect GFP-
AGP4. Right (V-FLA11). PI-PLC treatment was performed directly in
the PNSs, membranes were also pelleted by centrifugation and pel-
lets and supernatants analyzed as before. In C, the upper part of the
immunoblotting shows the smear form of GFP-AGP4 (left) or V-
FLA11 (right) while the lower part highlights the ER bands of GFP-
AGP4 (left) or V-FLA11 (right). Notice the decrease of both the
smear forms and the lower ER bands from the pellet fraction and
their partial appearance in the supernatant in wild-type seedlings.
The presence of both forms in the supernatant seems to be only
partial, probably due to degradation upon release from the mem-
branes. In contrast, both forms are PI-PLC resistant in the pgap1-3
mutant.

Bernat-Silvestre et al.

predominant ER localization of both GFP-AGP4 and V-
FLA11 in pgap1 mutants shown previously (Figures 5 and 6).

Mature GPI-APs are usually sensitive to PI-PLC because
they have the 2-position of inositol free, leading to the re-
lease of the protein portions. In contrast, precursors of the
GPI anchor that contain an acyl chain linked to the 2-posi-
tion of inositol are resistant to PI-PLC (Kinoshita and Fujita,
2016). Therefore, PI-PLC can be used as a tool to determine
whether GPI-APs in the pgap7 mutants contained or not
the acyl chain in the inositol ring. Thus, GFP-AGP4 and V-
FLA11 were transiently expressed in wild-type and pgap1
seedlings and PNSs were obtained. Membranes were pelleted
by centrifugation, resuspended in buffer and treated or not
with PI-PLC. After the treatment, membranes were pelleted
again by centrifugation and pellets (membranes) and super-
natants (containing released proteins) were analyzed by
SDS-PAGE and immunoblotting with GFP antibodies. As
shown in Figure 9C, in wild-type seedlings both the plasma
membrane smear and the ER band of GFP-AGP4 and
V-FLA11 were sensitive to PI-PLC, as shown previously for
GFP-AGP4 (Bernat-Silvestre et al, 2020) and for V-FLA11 in
N. benthamiana (Supplemental Figure S12). In the pgap1
mutant, the predominant form of both GFP-AGP4 and
V-FLA11 is the lower molecular weight ER band. As shown
in Figure 9D, neither GFP-AGP4 nor V-FLA11 was released
from the membranes upon PI-PLC treatment. Resistance to
PI-PLC treatment applied to not only the major lower mo-
lecular weight ER band, but also to the small amount of the
smeared form, which corresponds to the fraction of these
proteins reaching the plasma membrane. These results sug-
gest that both GFP-AGP4 and V-FLA11 remain membrane
attached in the pgap1 mutant upon PI-PLC treatment, prob-
ably due to a defect in inositol deacylation.

Interestingly, after plasmolysis, most of the cell surface
GFP-AGP4 was detected in the apoplast in wild-type seed-
lings, in contrast to the transmembrane plasma membrane
protein SCAMP1-YFP, which mostly appears at the plasma
membrane and in Hetchian strands (attachment sites be-
tween the plasma membrane and cell wall) upon mannitol
treatment (Figure 10). This is consistent with the fact that
the highly glycosylated plasma membrane form of GFP-
AGP4 (the 115-kDa smear) had been shown to have a high
tendency to appear in the aqueous phase after Triton X-114
extraction (Bernat-Silvestre et al, 2020; Figure 10G). This lo-
calization is in agreement with the proposal that specific
plasma membrane phospholipases may allow the release of
some AGPs into the cell wall or the apoplast (Schultz et al,,
1998; Ellis et al, 2010; Showalter and Basu, 2016, Ma et al,
2018). In pgap1 mutants, SCAMP1-YFP was still found at
the plasma membrane and Hetchian strands. Interestingly,
the fraction of GFP-AGP4 reaching the cell surface in pgap1
mutants was found at the plasma membrane and Hetchian
strands and was not released to the apoplast (Figure 10, B
and C). This was confirmed biochemically by Triton X-114
extraction. Apart from the fact that the predominant form
of GFP-AGP4 in pgap1 mutants was the lower molecular
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Figure 10 Localization of plasma membrane proteins following plasmolysis. A—F, Transient expression experiments in wild-type (Col-0), pgap1-1
and pgap1-3 Arabidopsis seedlings. Left panels (A—F) show CLSM images; right panels (A'~F’) show phase-contrast images. GFP-AGP4, a GPI-AP,
mainly localized to the apoplast in wild-type seedlings (A), as shown after plasmolysis following 750 mM mannitol treatment (see asterisks). In
the pgap1-1 (B) and pgap1-3 (C) mutants, GFP-AGP4 mainly localized to the ER, but the small fraction of GFP-AGP4 reaching the cell surface
remained at the plasma membrane (see arrows) and was not released to the apoplast (asterisks). Note the Hechtian strands in the apoplast of
pgap1 mutants. SCAMP1-YFP, a transmembrane plasma membrane protein, showed characteristic plasma membrane localization in a plasmolized
cell in wild-type (D) and in pgap1-1 (E) and pgap1-3 (F) mutants. Note the Hechtian strands in the apoplast in all cases. G—-H, PNSs from wild-
type (G) and pgap1-3 (H) Arabidopsis cotyledons transiently expressing GFP-AGP4 were treated with Triton X-114, and detergent (D) and aque-
ous (A) phases were analyzed by SDS-PAGE and immunoblotting with GFP antibodies (to detect GFP-AGP4). In wild-type seedlings, GFP-AGP4
mainly appears in the aqueous phase, consistent to its apoplast localization (G). In contrast, GFP-AGP4 appears in the detergent phase, as the

membrane marker VDAG, in the pgap1-3 mutant (H). Scale bars = 10 pm.

weight ER band, which partitioned in the detergent phase
upon Triton X-114 extraction, the plasma membrane smear
of GFP-AGP4 also partitioned in the detergent phase, as the
membrane marker VDAC (Figure 10H). This suggests that
GFP-AGP4 remains membrane attached in pgap1 mutants
and is not released to the apoplast, probably due to the
presence of the acyl group in the inositol moiety of the GPI
anchor in the absence of PGAP1.

Discussion

Most of the genes involved in GPI anchor assembly and their
remodeling have putative orthologs in Arabidopsis (Luschnig
and Seifert, 2011). However, it has to be established if all these
orthologs are functional and if their function is conserved in
plants. Five Arabidopsis orthologs of enzymes involved in

the biosynthesis and attachment of the GPI anchor have
been previously studied: SETH1, SETH2, PEANUT1 (PNT1),
APTG1, and AtGPI8 (Lalanne et al, 2004; Gillmor et al,
2005; Dai et al, 2014; Bundy et al, 2016; Desnoyer et al,
2020). Arabidopsis null mutants of these enzymes are ei-
ther gametophytic or embryogenic lethal mutants. This
indicates that GPI-APs are essential for plant growth and
development. However, no previous characterization of
Arabidopsis GPI anchor lipid remodeling enzymes had
been reported. In this study, we have undertaken the char-
acterization of mutants of an Arabidopsis ortholog of the
enzyme involved in the first step of lipid remodeling of
the GPI anchor, yeast Bst1p/mammalian PGAP1.
Arabidopsis PGAPT (At3g27325) encodes a putative ortho-
log of yeast Bst1p/mammalian PGAP1, which are involved in
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inositol deacylation (Tanaka et al, 2004; Fujita et al, 2006b;
Luschnig and Seifert, 2011). We have found that Arabidopsis
PGAP1 localizes in the ER, as yeast Bst1p (Elrod-Erickson
and Kaiser, 1996) and mammalian PGAP1 (Tanaka et al,
2004; Liu et al, 2018). To investigate PGAP1 function, we
have characterized loss of function mutants of PGAPT. In
humans, null mutations of PGAP1 are viable and result in
defects in neuronal cell function (Ueda et al, 2007
Murakami et al,, 2014; Williams et al, 2015). ScBst1 is not re-
quired for cell survival in yeast (Komath et al, 2018) and
ScBst1 mutants grew as well as wild-type at all temperatures
(Elrod-Erickson and Kaiser, 1996; Fujita et al, 2006b). In
Candida albicans, deletion of Bst1 impaired host infection
and caused altered cell wall polysaccharides (Liu et al, 2016).
Here, we show that loss-of-function of PGAP1 caused only
mild phenotypes under standard growth conditions and
showed minor alterations in cell wall composition.

Importantly, trafficking of GPI-APs to the cell surface was
altered in the pgap1 mutants, in both transient expression
experiments and stably transformed plants. This agrees with
previous results in yeast and mammals. Deletion of ScBst1
caused delay in transport of GPI-APs from the ER to the
Golgi in yeast (Vashist et al, 2001; Kinoshita and Fujita, 2016)
and a defect in PGAP1 caused accumulation of GPI-APs in
the ER due to inefficient exit from the ER in mammalian cul-
tured cells (Tanaka et al, 2004). However, steady-state levels
of cell surface GPI-APs were only mildly affected and GPI-APs
were found at the cell surface, although with unusual GPI
structures (three-“footed” GPI) in mammalian cultured cells
(Tanaka et al, 2004) and in cells from a patient with a
PGAPT null mutation (Murakami et al, 2014). We observed
that a proportion of GPI-APs could still reach the cell surface
in Arabidopsis pgap1 mutants, as in mammals and yeast, but
with clearly delayed kinetics. Given the mild phenotypes of
pgap1 mutants, it is possible that the small amount of GPI-
APs that reach the cell surface are sufficient to perform their
biological functions and prevent more severe phenotypic
alterations. Consistent with this idea, a modified version of
Citrin-FLA4 that lacked a GPI anchor was mostly retained in
the ER, but the small amount of Citrin-FLA4 secreted to the
extracellular space was sufficient to complement the fla4 mu-
tant phenotype (Xue et al, 2017).

Over 40% of the GPI-APs predicted by bioinformatics
studies contain proteins with putative AG or extensin-like
glycosylation (Borner et al, 2003). Disrupted trafficking and/
or glycosylation of GPI-APs could explain the altered com-
position of cell walls in pgap7 mutants. Changes in Type |l
AG levels could result from reduced/altered AGP glycosyla-
tion and this potentially impacts cell wall assembly and ar-
chitecture. AG glycans are proposed to cross-link to cell wall
components, as is the case for ARABINOXYLAN PECTIN
ARABINOGALACTAN PROTEIN 1, shown to covalently
cross-link to both pectins and arabinoxylans (Tan et al,
2013). Other GPI-APs can be involved in modulating both
synthesis and remodeling of cell wall polymers, such as xylo-
glucan and cellulose. Members of the COBRA-like family of

Bernat-Silvestre et al.

GPI-APs are known to regulate the deposition of cellulose
into the wall (Li et al, 2013; Ben-Tov et al, 2015). A
COBRA-like protein, BC1, has been shown to directly bind
cellulose to affect MF crystallinity (Liu et al, 2013). Two pu-
tative GPl-anchored aspartic proteases, A36 and A39, were
shown to co-localize with COBRA-LIKE 10 (Gao et al., 20173,
2017b). In the apical cell walls of pollen tubes in double
a36a39 mutants, increased levels of both highly methyl es-
terified homogalacturonan pectins and xyloglucans were
detected. Changes in cell walls that compromise integrity, ei-
ther during growth or as a result of damage from abiotic or
biotic stresses, are detected by cell wall integrity sensors.
GPI-APs are proposed to form part of the cell wall sensing
complexes and compromised function could also contribute
to changes in cell wall composition.

In the case of GFP-AGP4, we have found that in wild-type
plants most of this AGP was found in the apoplast (and not
at the plasma membrane), supporting the idea that AGP4
may be secreted into the extracellular matrix perhaps upon
the action of plasma membrane phospholipases, as pro-
posed for some of these proteins (Schultz et al., 1998; Ellis et
al, 2010; Ma et al, 2018; Yeats et al, 2018). A similar behav-
ior has been recently described for the AGP21, which is also
found at the plasma membrane and the apoplast (Borassi et
al, 2020). In contrast, other AGPs remain attached to the
plasma membrane, such as LeAGP1 (Sun et al, 2004),
AGP17 (Sun et al, 2005 Zhang et al, 2011) and AGP18
(Yang and Showalter, 2007; Zhang et al, 2011). In animals,
substrate-specific mechanisms have been proposed to re-
lease GPI-APs from the cell surface, including the PI-PLCs
and PI-PLDs (Yeats et al, 2018). In contrast, no GPl-specific
phospholipases have been yet characterized in plants. The
identification of both specific and general GPI-cleavage
mechanisms in plants may be an interesting area of future
studies to understand the function of specific AGPs. The
fact that GFP-AGP4 remained attached to the plasma mem-
brane in pgapT mutants suggests a possible role of PGAP1
in secretion of certain GPI-APs, which could be important
for signaling or cell wall localization of GPI-APs.

Finally, the ER localization of PGAP1 and the PI-PLC resis-
tance of GPI-APs in pgap1 mutants suggest that PGAP1 in-
deed functions in Arabidopsis as the GPI inositol-deacylase,
which cleaves the acyl chain from the inositol ring of the
GPL. Therefore, the results obtained indicate that PGAP1 is
involved in GPI inositol deacylation and that inositol deacy-
lation is important for efficient ER-to-Golgi transport of GPI-
APs. This provides functional characterization of an enzyme
involved in remodeling of the GPI anchor in plants. The
characterization of other enzymes of the remodeling path-
way should provide clues on the GPI anchor remodeling
pathway in plants, to elucidate whether the pathway is
completed at the ER, as in yeast, or if GPl anchor remodel-
ing is completed in the Golgi apparatus (as in mammals).
Future studies should also aim to elucidate more plant GPI-
anchor structures and the role of GPl-anchor remodeling in
sorting of GPI-APs into specific ER export sites and COPII
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vesicles or in their fate at the cell surface (plasma membrane
versus apoplast or cell wall localization).

Materials and methods

Plant material

Arabidopsis (A. thaliana ecotype Col-0) was used as wild-
type. T-DNA insertion mutants used in this study were
obtained from the Nottingham Arabidopsis Stock Center.
A. thaliana plants were grown in growth chambers as
previously described (Ortiz-Masia et al, 2007). The T-DNA
insertion mutants were characterized by PCR (Supplemental
Table S3). Wild-type N. benthamiana plants were grown
from surface-sterilized seeds on soil in the greenhouse at
24°C with 16-h daylength.

RT-sqgPCR

Total RNA was extracted from seedlings by using a Qiagen
RNeasy plant mini kit, and 3 pg of the RNA solution was
reverse-transcribed using the maxima first-strand cDNA syn-
thesis kit for RT-sqPCR (Fermentas) according to the manu-
facturer’s instructions. sqPCRs were performed on 3 pl of
cDNA template using Emerald Amp Max PCR Master Mix
(Takara). The sequences of the primers used for PCR amplifi-
cations are included in Supplemental Table S4.

Constructs and antibodies

The coding sequences of RFP-PGAP1 and PGAP1-RFP were
commercially synthesized de novo (Geneart AG) based on
the sequence of RFP and that of Arabidopsis PGAP1
(At3g27325) and inserted into pCHF3 (Ortiz-Masia et al,
2007) through the sites Kpnl and Sall. The coding sequence
of GFP-CESA3 was commercially synthesized de novo
(Geneart AG) based on the sequence of CESA3 (At5g05170)
and GFP and inserted into pCHF3 through the sites Xmal
and Pstl.

A pGreenll0179 vector backbone (Hellens et al, 2000)
was used for constructing V-FLA11 driven by pro35S:
pGreen0179-35S-spFLA11-His-YFP-FLA11. The FLA11
(AT5G03170) coding sequence was amplified from
Arabidopsis cDNA and assembled into a pGreen0179-35S-
spFLA11-His-YFP vector using NEBuilder HiFi DNA Assembly
kit (NEW ENGLAND Biolabs) according to the manufac-
turer’s instructions. Primers for amplification of FLA11 with-
out a signal peptide are as follows: YMV101-FLA11-F, CAG
GCGGAGGTGGGTCACCTAGGCAGGCTCCAGCTCCAGGG;
YMV101-FLA11-R, CATTAAAGCAGGACTCTAGATTATAT-
CCACAGAGAAGAAGAAGCAG. The constructs used for
transient expression experiments (with 35S promoter)
were: GFP-AGP4, GFP-GPI, MAP-GFP and GFP-PAP
(Martiniére et al, 2012; Bernat-Silvestre et al., 2020), GFP-
PMA (Kim et al, 2001), PIP2A-RFP (Nelson et al, 2007),
and RFP-calnexin (Kiinzl et al, 2016). Other constructs
have been described previously: RFP-p2435 (Langhans et
al, 2008; Montesinos et al., 2012); Manl-YFP and ManI-RFP
(Nebenfiihr et al, 1999); GFP-HDEL (Pain et al, 2019);
mCherry-HDEL (Nelson et al., 2007); OsSCAMP1-YFP (Lam
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et al, 2007), GFP-EMP12 (Gao et al, 2012), TIP1.1-GFP
(Gattolin et al, 2011), SPACt-mCherry (Pereira et al., 2013).
Antibodies against RFP and GFP were obtained from
Rockland Immunochemicals, Inc. (USA).

Transient gene expression in Arabidopsis
protoplasts, Arabidopsis seedlings, and N.
benthamiana leaves

To obtain mesophyll protoplasts from Arabidopsis plants,
the Tape-Arabidopsis Sandwich method was used, as
described (Wu et al, 2009). Protoplasts were isolated from
4-week-old rosette leaves. For transient expression, we used
the PEG transformation method (Yoo et al, 2007). Transient
expression of Arabidopsis seedlings by vacuum infiltration
(Bernat-Silvestre et al,, 2021) and N. benthamiana leaves me-
diated by Agrobacterium tumefaciens (Lerich et al, 2011)
were performed as described previously.

Stable transformation of Arabidopsis plants
Arabidopsis wild-type (Col-0) or pgap1-3 mutant plants
were transformed with a GFP-AGP4 construct via
Agrobacterium using the floral dip method according to
standard procedures (Clough and Bent, 1998). T1 plants
were analyzed by Confocal laser scanning microscopy
(CLSM).

Preparation of protein extracts, PI-PLC treatment,
SDS-PAGE, and immunoblotting

Nicotiana  benthamiana leaves or cotyledons from
Arabidopsis seedlings expressing XFP-Proteins were frozen in
liquid N, and then grinded in homogenization buffer (HB,
0.3 M sucrose; T mM EDTA; 20 mM KCl; 20 mM HEPES pH
7.5), supplemented with 1 mM DTT and a Protease
Inhibitor Cocktail (Sigma), using a mortar and a pestle. The
homogenate was centrifuged for 10 min at 1,200g and 4°C,
and the PNS was collected.

For treatment with PI-PLC following transient expression
of V-FLA11 in N. benthamiana leaves, PNS was incubated in
the presence of 2% v/v TX-114 for 30 min at 4°C and then
centrifuged 5 min at 16,000g to pellet insoluble material.
The supernatant was collected and incubated for 10 min at
37°C to achieve phase partitioning. The mixture was centri-
fuged 10 min at 20,000 xg and 25°C and the upper aque-
ous phase (A) and lower detergent phases (D) were
collected. The detergent phase was diluted with TBS and in-
cubated in the absence or presence of two U PI-PLC (from
Bacillus cereus, 100 U mL™", Invitrogen) for 1 h at 37°C.
After this, samples were centrifuged again 10 min at 20,000g
and 25°C to separate aqueous and detergent phases.
Aqueous and detergent fractions were analyzed by SDS-
PAGE and immunoblotting with GFP antibodies (to detect
GFP-AGP4 and V-FLA11). For treatment with PI-PLC follow-
ing transient expression of GFP-AGP4 or V-FLA11 in
Arabidopsis seedlings, a PNS was obtained. In the case of
GFP-AGP4, membranes were pelleted by centrifugation of
the PNS for 1 h at 150,000g. PNS (V-FLA11) or membrane
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fractions (GFP-AGP4) were then incubated in the absence
or presence of PI-PLC, as before, and centrifuged for 1 h at
150,000g and 4°C, in order to separate membranes (pellet)
from proteins released from the membranes upon PI-PLC
treatment  (supernatant). Membrane fractions were
extracted with a lysis buffer containing 150 mM NaCl, 0.5
mM DTT, 0.5% Triton X-100 and 50 mM Tris—HCI pH 7.5.
After a 5 min centrifugation at 16,000g to remove
detergent-insoluble material, membrane extracts were ana-
lyzed by SDS-PAGE and immunoblotting. Immunoblots
were developed using the SuperSignal West Pico chemilumi-
nescent substrate (Pierce, ThermoScientific) and analyzed us-
ing the ChemiDoc XRS + imagingsystem (Bio-Rad, http://
www.bio-rad.com/). Immunoblots in the linear range of de-
tection were quantified using Quantity One software (Bio-
Rad Laboratories).

Confocal microscopy

Confocal fluorescent images were collected using an
Olympus FV1000 confocal microscope with 603 water lens.
The GFP signal was visualized with laser excitation at 488
nm and emission at 496-518 nm. The RFP signal was visual-
ized with laser excitation at 543 nm and emission at 593—
636 nm. Sequential scanning was used to avoid any interfer-
ence between fluorescence channels. Post-acquisition image
processing was performed using the FV10-ASW 4.2 Viewer
and Image) (v.1.45).

Immunofluorescence labeling

Seven-day-old seedlings were fixed with 2.5% (v/v) glutaral-
dehyde in potassium phosphate buffer (0.025 M, pH 7),
dehydrated in graded ethanol series, infiltrated in a graded
LR White resin and polymerized according to Wilson and
Bacic (2012). Two hundred and fifty nanometer thin sec-
tions were obtained with a Leica Ultracut R microtome
(Leica Microsystems, Germany) and placed on glass micro-
scope slides. Cell wall antibodies used were LM15 (for xylo-
glucan; Marcus et al, 2008) and JIM8 (for AGP; Pennell et
al, 1991). Secondary antibody used was Alexa Fluor 488 goat
anti-rat IgG (H+ L; Life Technology; # A48262). Images were
acquired with an Olympus BX53 microscope under GFP
channel.

Cell wall linkage analysis

De-starched AIR samples were prepared from 7-d-old seed-
lings grown on MS media with 1% sucrose. AIR was carboxyl
reduced and methylated for linkage analysis according to
the method outlined in Pettolino et al,, (2012). The resulting
permethylated alditol acetates were separated and quanti-
fied by gas chromatography—mass spectrometry (GC-MS) as
described in Pettolino et al., (2012). Polysaccharide composi-
tion was deduced from the linkage analyses. Two biological
replicates with two technical replicates each were measured.
Data are shown as average.

Bernat-Silvestre et al.

PGAP1 phylogeny analysis

Putative Arabidopsis PGAP1-like genes were selected based
on whether they were annotated with the motif IPR012908
and/or pfam07819 in Pfam and InterPro databases.
Additionally, the presence, significance, and completeness of
the motifs were checked using PfamScan (http://europepmc.
org/article/MED/30976793).  Ortholog  sequences  of
Arabidopsis AT3G27325, AT4G34310, and AT5G17670 genes
were obtained from Ensemble Plants (https://doi.org/10.
1093/nar/gkz890). A total of 271 protein sequences from 91
different plant species were retrieved. Multiple sequence
alignment was performed using T-Coffee v.13.44
(Notredame et al, 2000). A maximume-likelihood tree was
reconstructed using IQ-TREE (version 1.5) and branch sup-
ports were calculated with ultrafast bootstrap and SH-aLRT
test (1,000 replicates; Hoang et al, 2018). Best fitting evolu-
tionary model was determined to be JTT+R7 using
ModelFinder (Kalyaanamoorthy et al., 2017).

Accession numbers

Sequence data from this article can be found in the
GenBank/EMBL data libraries under accession numbers:
AT5G10430 (AGP4), AT5G03170 (FLA11), and AT3G27325
(PGAP1).

Supplemental data

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

Supplemental Figure S1. Phylogenetic analysis of PGAP1-
like genes.

Supplemental Figure S2. Alignment of N-terminal
sequences and topology prediction of AtPGAP1, HsPGAP1,
and Bst1p.

Supplemental Figure S3. Developmental expression of
Arabidopsis PGAP1.

Supplemental Figure S4. Root length in pgap1 mutants.

Supplemental Figure S5. Localization of xyloglucan and
arabinogalactan epitopes in wild-type (Col-0) and pgap1-3.

Supplemental Figure S6. Localization of V-FLA11 in wild-
type (Col-0) seedlings.

Supplemental Figure S7. Localization of GFP-AGP4 and
PIP2A-RFP in pgap1-3 seedlings.

Supplemental Figure S8. Localization of organelle marker
proteins in wild-type (Col-0) and pgap1-3.

Supplemental Figure S9. Mutants in other AB_hydrolases
different from PGAP1.

Supplemental Figure S10. Localization of plasma mem-
brane proteins in mutants of other AB_hydrolases different
from PGAP1.

Supplemental Figure S11. Localization of plasma mem-
brane proteins without a GPl anchor in wild-type and
pgap1-1 protoplasts.

Supplemental Figure S12. Biochemical characterization
of V-FLA11.

Supplemental Table S1. Putative Arabidopsis GPI
inositol-deacylase PGAP1-like genes.

Supplemental Table S2. Polysaccharide calculations.
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Supplemental Table S3. T-DNA mutants and PCR pri-
mers used for their characterization.

Supplemental Table S4. List of primers used for RT-
sqPCR.
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