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The plant endomembrane system is massively involved in the synthesis, transport and

secretion of cell wall polysaccharides and proteins; however, the molecular mechanisms

underlying trafficking toward the apoplast are largely unknown. Besides constitutive, the

existence of a regulated secretory pathway has been proposed. A polygalacturonase

inhibitor protein (PGIP2), known to move as soluble cargo and reach the cell wall

through a mechanism distinguishable from default, was dissected in its main functional

domains (A, B, C, D), and C sub-fragments (C1–10), to identify signals essential for its

regulated targeting. The secretion patterns of the fluorescent chimeras obtained by fusing

different PGIP2 domains to the green fluorescent protein (GFP) were analyzed. PGIP2

N-terminal and leucine-rich repeat domains (B and C, respectively) seem to operate as

holding/releasing signals, respectively, during PGIP2 transit through the Golgi. The B

domain slows down PGIP2 secretion by transiently interacting with Golgi membranes.

Its depletion leads, in fact, to the secretion via default (Sp2-susceptible) of the ACD-GFP

chimera faster than PGIP2. Depending on its length (at least the first 5 leucine-rich repeats

are required), the C domain modulates B interaction with Golgi membranes allowing the

release of chimeras and their extracellular secretion through a Sp2 independent pathway.

The addition of the vacuolar sorting determinant Chi to PGIP2 diverts the path of the

protein from cell wall to vacuole, suggesting that C domain is a releasing rather than a

cell wall sorting signal.

Keywords: cell-wall trafficking, PGIP2, secretion pathway, cell wall protein, GFP, Sp2 independent secretion

Introduction

Plant cell wall is a highly dynamic extracellular compartment whose synthesis and remodeling
occurs continuously during cell growth and differentiation and in response to biotic and abiotic
stresses. This implies a continuous delivery of de novo synthesized molecules to the cell wall
through the cell secretory system. The different nature of the main cell wall components implies
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their compartmentalized synthesis that involves plasma
membrane for cellulose, Golgi apparatus for matrix
polysaccharides (pectins and hemicelluloses), endoplasmic
reticulum for structural and enzymatic proteins, comprising the
hexameric cellulose synthase complexes. Cell wall proteins and
matrix polysaccharides are modified during their journey along
the secretory pathway, packaged into vesicles and exported to
the plasma membrane where they are released and integrated
into the microfibrillar structure of cell wall (Somerville, 2006;
Driouich et al., 2012; McFarlane et al., 2014).

The molecular mechanisms that control the trafficking of cell
wall components are still poorly understood, but a growing body
of evidence suggests a model more complex than previously
thought. With respect to this, two new interesting aspects are
emerging in recent years: (i) the discovery of unconventional
protein secretion (UPS) (Ding et al., 2012, 2014) and (ii) the
accumulation of evidence contrasting the notion that secretion
to cell wall occurs by default (Wolf et al., 2009a,b; De Caroli et al.,
2011a).

UPS consists in the secretion of proteins lacking an usual N-
terminal leader peptide responsible for ER targeting. Combined
biochemical, proteomic and bioinformatic analyses revealed that
these leaderless secretory proteins (LSPs) contribute for more
than 50% to the total extracellular proteins, indicating UPS as
complementary to the conventional ER/Golgi secretion pathway
(Agrawal et al., 2010). A close connection has also been proposed
between UPS of LPSs and the recently discovered plant EXPO
(exocyst-positive organelle) compartment (Wang et al., 2010).

Secretion to the apoplast has always been considered a default
pathway (Jurgens, 2004). This was supported by the evidence
that the fusion with the signal peptide for ER translocation is
sufficient for the secretion of non-plant soluble proteins such
as secGFP and secRGUS (a modified variant of rat preputial β-
glucuronidase that is efficiently secreted) (Denecke et al., 1990;
Batoko et al., 2000). The bulk flow secretory pathway of GFP
variants involves the SNARE SYP121, and is inhibited by Sp2,
a dominant-negative truncated soluble form of SYP121 (Geelen
et al., 2002; Leucci et al., 2007; Rehman et al., 2008). Although
no specific determinants have been yet identified in protein
secreted to the plasma membrane and cell wall, active sorting
processes of the vesicles and their cargo have been reported.
During cytokinesis, the cell plate is built up through a very
polarized trafficking of Golgi-derived vesicles that appears as
a form of regulated secretion (Bassham et al., 2008). Further,
examples of polarized secretion are also well known for Golgi-
derived vesicles targeted to specific plasma membrane regions
at the site of microbial attack. Local release of pathogenesis-
related proteins as well as structural and chemical remodeling
of the cell wall at sites of infection are crucial for resistance to
pathogen penetration (Hückelhoven, 2007). Significantly, specific
syntaxins seem to be involved in these events such as KNOLLE
(SYP111) and PEN1 selectively expressed during the cell plate
formation (Jürgens, 2005) and the fungal attack (Assaad et al.,
2004), respectively.

Studies on the secretion of several cell wall proteins and
polysaccharides have revealed the existence of undefined Golgi
stop signals, of cell wall secretion pathways distinguishable from

the default sorting, and of post-Golgi compartments involved
in the transport to the apoplast, pointing to an unexpected
complexity of the process. Indeed, it has been reported that:
(i) before reaching the apoplast, several cell wall proteins are
retained in the Golgi stacks until specific signals at the N-
terminus are proteolitically removed (Dal Degan et al., 2001;
Wolf et al., 2009a,b); (ii) the SNARE SYP121, involved in the
bulk flow secretory pathway, does not participate to the secretion
into the apoplast of matrix polysaccharides (Leucci et al., 2007;
Rehman et al., 2008; Silva et al., 2010), Phaseolus vulgaris
polygalacturonase-inhibiting protein 2 (PGIP2) and Arabidopsis
pectin methylesterase inhibitor protein 1 (PMEI1) (De Caroli
et al., 2011a); (iii) in Arabidopsis, rice and tobacco BY-2 cells, a
secretory vesicle cluster (SVC) containing soluble proteins and
cell wall components appears as a novel motile compartment,
distinguished from Golgi stacks and TGN, involved in mass
secretion of cell wall material (Toyooka et al., 2009).

In particular, the GFP tagged form of PGIP2, a protein
involved in plants protection against pathogens (Kalunke et al.,
2015), is a useful tool for monitoring cell-wall protein transport
through the endomembrane system. PGIP2-GFP moves as a
soluble cargo using secretory mechanisms not affected by Sp2,
the dominant-negative truncated soluble form of SYP121 (De
Caroli et al., 2011a). In this work, we fragmented PGIP2 in
its main domains and analyzed their secretion patterns fusing
them to GFP. Our results suggest a specific role for the N-
terminus and leucine-rich repeat (LRR) domains, which seem to
act respectively as holding/releasing signals during the transit of
PGIP2 through Golgi stacks.

Materials and Methods

Plasmid Construction
Oligonucleotides used for cloning are listed in Table S1. PGIP2-
GFP plasmid was obtained as described in De Caroli et al.
(2011a). The PGIP2-GFP plasmid was amplified with primers
P1 and P2 using the QuikChange R© Site-Directed Mutagenesis
Kit (Stratagene, Agilent Technologies, http://www.chem.agilent.
com/) to introduce a NheI restriction site between the region
encoding A and B domains. The NheI digested PGIP2-GFP
plasmid, without the region encoding B, C and D domains, was
re-ligated on itself, obtaining A-GFP plasmid. In the construct
we included the leader sequence from nucleotide + 1 to +27
of pgip1 that was shown to drive high level expression of
pgip2 (Devoto et al., 1998). To obtain AB-GFP plasmid, a NheI
restriction site was introduced between the region encoding B
and C domains of PGIP2-GFP plasmid using primers P3 and
P4. ABC-GFP plasmid was obtained by inserting the region
encoding A, B, and C domains into PGIP2-GFP (primers P5 and
P6). Similarly, using primers listed in Table S1 the constructs
containing increasing length of C sub-fragments (from ABC1-
GFP to ABC10-GFP) were obtained. A plasmid containing ACD
domains was synthesized by Eurofins Genomics s.r.l (http://
www.eurofinsgenomics.eu). It was inserted into PGIP2-GFP
plasmid as a BamHI/NheI fragment to obtain ACD-GFP. A-
GFP was cut with XhoI/NheI and cloned in Aleu-RFP plasmid
(De Caroli et al., 2011b) to obtain A-RFP plasmid. PGIP2-RFP
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plasmid was obtained by inserting PGIP2 into Aleu-RFP plasmid
as a BamHI/NheI fragment. All constructs were checked by
sequencing (Eurofins Genomics s.r.l.).

Protoplast Preparation and Transformation
Tobacco leaf protoplasts were prepared and transformed as
described by Leucci et al. (2007). Unless otherwise stated, equal
quantities (20µg) of each plasmid were used for transformation,
co-localization and co-expression experiments.

In vivo Immunolabeling of Proteins on Protoplast
Surface
Protoplasts expressing ABC-GFP, ABC1–4-GFP, and ABC1–5-
GFP were immunolabeled with anti-GFP serum (A6455,
Molecular Probes, http://www.invitrogen.com/) and Alexa Fluor
546-conjugated anti-rabbit IgGs (Molecular Probes) as reported
in De Caroli et al. (2011a).

Drug Treatments
Treatment with cycloheximide (Sigma-Aldrich, http://www.
sigmaaldrich.com) was performed by incubating transformed
protoplasts (22 h after transformation) with cycloheximide
(30µg·mL−1) in K3 medium (Freydl et al., 1995) for 2 h before
confocal analysis. Tunicamycin (100mg·mL−1; Sigma-Aldrich)
was added to the K3 medium after protoplast transformation and
was present for the entire incubation time (24 h).

Confocal Laser Scanning Microscopy
Protoplasts transiently expressing fluorescent constructs were
observed by a confocal laser scanning microscope (LSM
710, Zeiss, http://www.zeiss.com/) in their culture medium
at different times after transformation. Observations were
performed as described in De Caroli et al. (2014).

Protein Extraction
Protoplasts were harvested by gentle centrifugation at 65 g
without break, after dilution of the incubation medium with
two volumes of W5 (Freydl et al., 1995). The medium was
concentrated by filtration on Cetricon Plus 20 (Amicon, http://
www.millipore.com/) to obtain the extracellular protein fraction.
Protoplasts were suspended in homogenization buffer and
sonicated as reported in Piro et al. (2000). The homogenate
was centrifuged at 800 g for 10min at 4◦C and the supernatant
was precipitated with 80% acetone at −20◦C (three times)
to obtain protein intracellular fraction. The 800 g pellet,
consisting of cell walls and cell debris, was sequentially treated
with 1ml of homogenization buffer (three times), 1ml of
chloroform/ methanol (1/1 v/v; 10 times) and acetone (three
times) (Lenucci et al., 2006). Non-covalently bound cell-wall
proteins were extracted from delipidated cell walls as reported
in Leone et al. (2000). The amount of proteins in each fraction
was spectrophotometrically determined according to Bradford
quantification method (Bradford, 1976). An identical amount
of proteins (10µg/line) of the three subcellular fractions was
subjected to SDS-PAGE and Western Blotting. Each experiment
was independently repeated three times for each chimera.

Cell Lysis and Phase Separation
Transformed protoplast pellets (65 g) were freeze/thawed twice
in 10mM Tris-buffer pH 7.5 containing 0.15M NaCl and 1mM
EDTA and centrifuged at 800 g for 10min to remove cell walls;
the supernatant was then adjusted to 1.5ml using Tris-buffer,
and Triton X-114 was added to a final concentration of 1% v/v.
Phase separation was carried out as described by De Caroli et al.
(2014).

SDS-PAGE and Western Blotting
SDS-PAGE and Western blotting were carried out as described
in De Caroli et al. (2011a). Anti-GFP (1:5000 v/v) (Molecular
Probes) and anti-Sp1 rabbit polyclonal serum (1:5000 v/v)
(Geelen et al., 2002) were used in TBS + 1% skimmed-
milk powder. Protein bands were detected with ECL™
Western Blotting Analysis System (GE Healthcare, http://www.
gehealthcare.com) and their intensity was measured by using an
image analyzer (Kodak EDAS 290) and the software 1D 3.6.

Pulse-chase and Immunoprecipitation
For pulse-chase labeling of transformed protoplasts 15 MBq
ml−1 of EasyTag (TM) EXPRE35S35S Protein LabelingMix, [35S]
(Perkin Elmer Italia S.P.A.) were using following Leucci et al.
(2007). Immunoselected proteins were analyzed by SDS-PAGE
and fluorografy.

Standard RNA Procedures and Quantitative
Real-time PCR
Total RNA was extracted from transformed protoplasts using
SV Total RNA Isolation System according to the manufacturer’s
instructions (PROMEGA). The RNA of each sample was
reverse transcribed using oligo (dT) primer with TaqMan R©

Reverse Transcription Reagents (Applied Biosystems, http://
www.lifetechnologies.com/) according to the manufacturer’s
standard protocol. The obtained cDNAs were quantified using a
NanoDrop R© ND-1000 UV-vis spectrophotometer, diluted, and
used for Real-Time PCR amplifications with specific primers
(Table S1). Quantitative real-time PCR was performed using
SYBR Green fluorescent detection in a Real-Time PCR thermal
cycler (ABI PRISM 7700 Sequence Detection System, Applied
Biosystems) as accurately described in Aprile et al. (2011). The
PCR programme was as follows: 3min at 94◦C; 35 cycles of
30 s at 94◦C, 30 s at 60◦C, and 30 s at 72◦C; and 6min at 75◦C.
The specificity of PCR products was checked by performing a
melting-curve test.

Statistical Analyses
In three independent experiments, the percentage secretion after
Sp2 treatment was normalized with respect to the most efficient
secretion value of the control (set to 100%) (Leucci et al., 2007).
Data were then statistically analyzed using a One-Way ANOVA
test in SigmaStat software (Systat Software Inc., http://www.
systat.com/). The Holm-Sidak post-hoc method was used to
establish significant differences between means with a confidence
level of at least 95% (Glantz, 2002).
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Results

PGIP2 exhibits four functional domains named A, the signal
peptide; B, the N-terminus of the mature protein; C, which
comprises 10,5 LRRs; D, the C-terminus (Leckie et al., 1999; Di
Matteo et al., 2003). To search for a specific sequence responsible
for the targeting to the cell wall, a series of fluorescent chimeras
were constructed by fusing GFP to the individual A, B, C domains
and to C sub-fragments (Figure S1). The fluorescent constructs
were transiently expressed in tobacco protoplasts and analyzed by
confocal laser scanner microscopy and biochemical techniques.

The A Domain of PGIP2 Directs GFP into the
Secretory System
The fusion A-GFP (Figure S1) labeled the endomembrane
system (Figure 1A) showing a fluorescence pattern very similar
to that of the secreted GFP variant secGFP (Leucci et al.,
2007). Western blot of intra- (IN), cell wall (CW), and extra-
cellular (OUT) proteins showed the presence of a 27 kDa
band, corresponding to GFP molecular mass, in the IN and
OUT fractions. No bands were detected in the CW fraction
(Figure 1D).When A-GFP and Sp2 were co-expressed in tobacco
protoplasts, an accumulation of the chimera within the protoplast
was observed (Figure 1B), and a significant (P < 0.05) decrease
in the amount of the protein in the OUT fraction was detected
(Figures 1E,F) indicating that the chimeric protein is secreted
through the default pathway. To validate these data, the red
variant of the chimera A-RFP and secGFP were co-expressed
in tobacco protoplasts. A complete overlapping of the two
fluorescence patterns was observed (Figures 1G–I). Together,
these results confirm that the A domain represents the signal
peptide of PGIP2 that directs the nascent protein into the ER for
subsequent secretion, similarly to the secretion signals of secGFP
and secRGUS. Likely, no other localization signals are present in
this domain since the chimera is secreted into the medium by
default.

The B Domain Leads to Retention of GFP in the
Golgi Stacks
The chimera AB-GFP (Figure S1), transiently expressed in
tobacco leaf protoplasts, was found in the ER and in the
Golgi stacks after 24 h (Figure 2A). A 2 h treatment with the
protein synthesis inhibitor cycloheximide, which leads to the
disappearance of the fluorescence of the newly synthesized
protein in the endomembrane system (Figure 2B), and
observations performed 48 h after transformation (Figure 2E)
showed the Golgi stacks as the final localization of AB-GFP.
Western blot analyses confirmed that the chimera predominantly
accumulated intracellularly. Two pairs of bands migrating with
an apparent molecular mass of approximately 34–36 and 30–
32 kDa were, in fact, detected in the IN fraction (Figure 2C),
with the lowest probably representing degradation forms of
AB-GFP and the highest the entire chimera in agreement with
its expected molecular mass (36 kDa). Both pairs of bands
were faintly detected in the OUT fraction, likely due to default
secretion, since their presence was drastically reduced in the
presence of Sp2 (Figure 2D, Figures S5A–C). The persistence

of the chimera in the Golgi stacks was confirmed in protoplasts
co-expressing the AB-GFP fusion and ST52-mRFP, marker of
the trans Golgi (Saint-Jore-Dupas et al., 2006). In the merged
images, AB-GFP perfectly co-localized with ST52-mRFP
(Figures 2E–H). Furthermore, the co-localization with the ER
marker RFP-HDEL evidenced the transiting of the chimera in
the ER, before reaching the Golgi (Figure S2).

Two potentialN-glycosylation sites are predicted in B domain
(NetNGlyc1.0 Server, www.cbs.dtu.dk/services/NetNGlyc/). To
verify the presence of glycosylated forms of the chimera,
AB-GFP-transformed protoplasts were treated with the N-
glycosylation inhibitor tunicamycin (Elbein, 1987). After 24 h of
incubation in the presence of the inhibitor, the upper band in
each pair disappeared (Figure 2I) showing that AB-GFP and its
degradation form were in part glycosylated in the ER.

To verify if the chimera AB-GFP was retained in the Golgi
stacks through interactions with membranes, its solubility in
the non-ionic detergent Triton X-114 was determined. After
extraction and phase separation, we obtained an approximately
equal distribution of the chimera in the detergent and aqueous
phase, with the major percentage of the largest form in the
detergent phase and of the smallest putatively degraded form in
the aqueous phase (Figure 2J).

Confocal observations and biochemical data indicated that
the construct AB-GFP entered in the secretory pathway, was
glycosylated in the ER and mostly retained in the Golgi. These
retained forms of the chimera appeared to be membrane-bound.
The results also showed that the N-terminus prevents secretion
of PGIP2 to the cell wall.

The ABC Truncated Form of PGIP2 Moves to the
Cell Wall
The chimera ABC-GFP (Figure S1) labeled ER and Golgi
stacks, as evidenced by co-localization with RFP-HDEL
(Figures S3A–D) or ST52-mRFP (Figures S3E–H) and, during
time, the cell wall, as verified by immunolocalization with
an anti-GFP antibody and Alexa Fluor 546-conjugated anti-
rabbit IgGs (Figures 3A–C). A rapid regeneration of a new
cell wall starting already 6 h after protoplast preparation is well
documented (Leucci et al., 2007; Yang et al., 2008; De Caroli et al.,
2011a,b). The new synthesized cell wall was therefore the final
compartment in which ABC-GFP is accumulated and recognized
by anti-GFP antibody. Immunoblot analyses confirmed confocal
observations showing the presence of the chimera in the IN, CW,
and OUT fractions (Figure 3D). Both experimental approaches
showed that ABC-GFP behaves as the full-length PGIP2 protein
(De Caroli et al., 2011a), indicating that C domain allows the
protein to be soluble in the lumen of the Golgi stacks and to
move to the cell wall. Similar to PGIP2-GFP, ABC-GFP secretion
was not affected by Sp2 (Figure S4).

To investigate the role of C domain in the targeting of
PGIP2 to the cell wall, it was fragmented in 10 sub-domains
progressively containing from 1 to 10 LRRs, which were fused
to GFP. The chimeras were named progressively from ABC1-
GFP to ABC1–10-GFP (Figure S1). To directly check the final
localization of the chimeras, transiently transformed tobacco
protoplasts were treated with the protein synthesis inhibitor
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FIGURE 1 | Transient expression of A-GFP in tobacco protoplasts. (A)

A-GFP labeled the endomembrane system and (B) accumulated within

protoplast in the presence of Sp2. (C) Transmitted light detector (T-PMT)

image of (B). (D) Western blot of proteins obtained from the intracellular (IN),

cell wall (CW) and incubation medium (OUT) fractions of A-GFP-expressing

protoplasts. (E) Western blot showing the effect of Sp2 on A-GFP secretion.

Bands were detected using an anti-GFP serum. (F) Quantification of the

effect of Sp2 co-expression on the secretion of A-GFP. Data are means ±

standard deviation of three independent experiments, normalized with

respect to highest value (set to 100%) observed in the control. Different

letters indicate significant differences between treatments within each protein

group (Holm-Sidak test, P < 0.05). (G) SecGFP and (H) a red variant of

A-GFP (A-RFP) showed an overlapping secretion pattern (I). The same

fluorescent pattern was observed in 97 ± 2% among over 300 transformed

protoplasts examined (100 for each of three independent transformations).

Scale bars = 20µm.

cycloheximide. After 2 h of treatment, small punctate structures,
likely Golgi stacks, were the steady-state location of chimeras
containing from 1 to 4 LRRs (Figures 3E–H). Constructs
containing from 5 to 10 LRRs accumulated on the surface of the
cells, likely into the cell wall (Figures 3I–N).

Since ABC1–4-GFP was retained in punctate structures
and ABC1–5-GFP instead reached the surface of transformed
protoplasts, we focused on these two chimeras to define
unambiguously their final localization. The punctate structures
labeled by ABC1–4-GFP fully co-localized with ST52-mRFP
marker confirming their nature as Golgi stacks (Figures 4A–D).
The final localization of ABC1–5-GFP on the surface of
transformed protoplasts was confirmed by immunolocalization

with anti-GFP antibody and Alexa Fluor-546-conjugated anti-
rabbit IgGs (Figures 4E,F). Only very weak non-specific signals
were detected on the surface of protoplasts expressing ABC1–4-
GFP (Figures 4G,H), clearly confirming the intracellular
retention of this chimera.

Western blot analyses of proteins present in IN, CW,
and OUT fractions confirmed the presence of ABC1–5-GFP
(Figure 4I) and the absence of ABC1–4-GFP (Figure 4J) in the
cell wall and the presence of both chimeras, which displayed
the expected molecular size, in the incubation medium. Sp2 did
not affect the secretion of ABC1-5-GFP in the cell wall and
in the incubation medium (Figure 4K, Figures S5J–L), while
drastically inhibited the amount of ABC1–4-GFP in the medium
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FIGURE 2 | The B domain blocks AB-GFP in the Golgi stacks. (A)

Approximately 24 h after transformation, AB-GFP transiently expressed in

tobacco leaf protoplasts labeled ER and Golgi stacks. (B) Cycloheximide

(CHX) treatment (30µg · mL−1) of AB-GFP transformed protoplasts

evidenced the final localization of the protein in the Golgi stacks. The

punctate staining pattern was observed in 98 ± 2% among over 300

protoplasts examined. (C,I) Western blot analysis of protein fractions

(intracellular, IN; cell wall, CW; incubation medium, OUT) obtained from

AB-GFP transformed protoplasts (C) and from AB-GFP protoplasts

treated with 100µM tunicamycin for 24 h (I). (D) Effect of Sp2 on the

secretion of AB-GFP. Statistical analysis is as in Figure 1. (E) After 48 h

of transformation AB-GFP still labeled Golgi stacks as evidenced by

co-localization with the Golgi marker ST52-mRFP (F). (G) Merged image

of (E,F). The co-localization pattern was observed in 97 ± 2% among

over 300 transformed protoplasts examined. Three independent

transformation experiments were performed, and approximately 100

transformed protoplasts were counted each time. (H) Transmitted light

detector (T-PMT) image of (E–G). (J) Detergent extraction of AB-GFP

transformed protoplasts showing that the full-length form of AB-GFP is

Triton X-114 insoluble (detergent phase, DET) while the degraded form

is soluble and recovered in the aqueous phase (AQ). Bands were

detected using anti-GFP serum. Scale bars = 20µm.

(Figure 4L, Figures S5D–F), indicating that the secretion of this
chimera occurs via a default pathway.

PGIP2 and Its B Domain-deleted Form Move
Through Different Mechanisms
Since the results obtained suggest a critical interplay between
B and C domains in determining trafficking of PGIP2 to the
wall, to further clarify the role of the B domain, we constructed
a fluorescent PGIP2 chimera deleted of this sequence, hereon
indicated as ACD-GFP (Figure S1). Similar to PGIP2-GFP, ACD-
GFP moved through the endomembrane system labeling ER,
Golgi stacks and cell wall (Figures 5A–C). However, the intensity

of the ACD-GFP signal in the protoplasts and of the ACD-GFP
bands onWestern blot appeared much lower than that of PGIP2-
GFP. This difference was likely due to differences in transcript
levels, since levels of acd-gfp transcripts were about 50% that
those of pgip2-gfp (Figure 5J), as evaluated in transformed
protoplasts by quantitative RT-PCR.

To verify the overlapping of the secretion route of the two
chimeras, we constructed a red fluorescent variant of PGIP2
(PGIP2-RFP) and transiently expressed both PGIP2-RFP and
ACD-GFP in tobacco protoplasts (Figures 5D–F). Interestingly,
some punctate structures resulted labeled only by PGIP2-RFP
(Figures 5G–I), a difference that may be explained by the
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FIGURE 3 | The C domain allows ABC-GFP to reach the cell wall and

the length of C sub-fragments determines a different cellular

localization. (A,B) ABC-GFP transiently expressed in tobacco leaf

protoplasts progressively labeled ER, Golgi stacks (A) and cell wall (B). (C)

Immunolabeling of surface proteins was performed by incubating protoplasts

with anti-GFP serum (3 h) and then with Alexa Fluor 546-conjugated

anti-rabbit IgGs (1 h) at 4◦C to minimize internalization of protein or antiserum

(De Caroli et al., 2011a). The red fluorescence pattern was observed in 90 ±

4% among over 300 transformed protoplasts examined. (D) Western blot of

protein fractions (intracellular, IN; cell wall, CW; incubation medium, OUT)

obtained from ABC-GFP transformed protoplasts. (E–H) Chimeras

containing from 1 to 4 LRRs of PGIP2 C domain localized in small punctate

structures. (I–N) Constructs containing from 5 to 10 LRRs accumulated

outside the cell. All tobacco leaf protoplast transformations were performed

in the presence of cycloheximide (CHX) (30µg · mL−1). All the fluorescent

patterns were representative of more than 95% of the observed protoplast

populations. Three independent transformation experiments were performed

for each construct, and approximately 100 transformed protoplasts were

counted each time. Bands were detected using anti-GFP serum. Scale

bars = 20µm.

lower expression of ACD-GFP with respect to PGIP2-RFP, or,
considering the previous indication that the B domain alone
is retained in the Golgi, by a higher secretion rate of the B
domain-deleted construct.

To overcome the problem of the different expression levels
of the fluorescent ACD-GFP and PGIP2-GFP, the comparison
between the secretion of these two proteins was performed by
immunoprecipitation after pulse-chase labeling for 2 h with a
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FIGURE 4 | ABC1–4-GFP is retained in Golgi stacks, while

ABC1–5-GFP reaches the cell wall. (A–D) 48 h after transformation,

ABC1–4-GFP transiently expressed in tobacco leaf protoplasts labeled Golgi

stacks (A), as confirmed by co-localization with the Golgi marker ST52-mRFP

(B). (C) Merged image of (A,B). (D) Transmitted light detector (T-PMT) image

of (A–C). The complete co-localization was observed in 89 ± 2% among

over 300 transformed protoplasts examined. (E–H) Immunolabeling of

surface protoplasts expressing ABC1–5-GFP (E,F) and ABC1–4-GFP (G,H)

with anti-GFP serum and with Alexa Fluor 546-conjugated. The red

fluorescence immunolabeling was observed in 89 ± 5% among over 300

transformed protoplasts examined. Three independent transformation

experiments were performed for each construct, and approximately 100

transformed protoplasts were counted each time. (I,J) Western blot of

protein fractions (intracellular, IN; cell wall, CW; incubation medium, OUT)

obtained from tobacco protoplast transformed with ABC1–5-GFP (I) and

ABC1–4-GFP (J). (K,L) Quantification of the effect of Sp2 on the secretion of

ABC1–5-GFP (K) and ABC1–4-GFP (L). Statistical analysis is as in Figure 1.

Bands were detected using anti-GFP serum. Scale bars = 20µm.

[35S] protein labeling mixture, following the methodological
approach of Frigerio et al. (1998). PGIP2-GFP synthesized within
a 2 h pulse was progressively secreted into the medium during
the following 6 h chase (Figure 5K), and its secretion pattern was
not changed by the presence of Sp2 (Figure 5M). No detectable
bands were observed in the CW protein fraction up to 6 h chase.
Our results are in agreement with previous observations showing
that PGIP2-GFP labels protoplast cell wall approximately 48 h
after transformation and its secretion is unaffected by Sp2 (De
Caroli et al., 2011a). In agreement with the lower expression
level, the intensity of ACD-GFP bands was weak. However,
the distribution pattern of the chimera in the IN and OUT
fractions clearly showed that, unlike PGIP2-GFP, ACD-GFP

was completely secreted within 4 h (Figure 5L) and clearly
accumulated intracellularly in the presence of Sp2 (Figure 5N).
These data indicate that the B domain-deleted PGIP2 form is
secreted via a default pathway more rapidly than the full-length
PGIP2 and suggest a critical role of the B domain in the Sp2-
independent secretion of PGIP2.

C Domain Length Affects the Solubility of the
Chimeras
The effect of C domain length on the interaction of the chimeras
with Golgi membrane was also investigated. For this purpose,
protein extraction and phase separation in the presence of
Triton X-114 was performed. Starting from the observations
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FIGURE 5 | PGIP2 depleted of B domain (ACD-GFP) was expressed at

low level and secreted by default. (A) ACD-GFP progressively labeled ER,

(B) Golgi stacks, and (C) the cell wall. (D–I) Three-dimensional (3D) images

of protoplasts co-expressing ACD-GFP (D,G), PGIP2-RFP (E,H) and merged

image of D and E (F,I). Not all punctate structures are labeled by PGIP2 (red)

and its B domain-depleted form (green) (G-I). The fluorescent pattern

was observed in 79± 8% among over 300 transformed protoplasts examined.

(Continued)
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FIGURE 5 | Continued

Three independent transformation experiments were performed, and

approximately 100 transformed protoplasts were counted each time. (J)

Quantification of the amount of pgip2-gfp and acd-gfp expression level.

A Real-time PCR was performed on protoplasts expressing PGIP2-GFP

and ACD-GFP, the amount of pgip2-gfp and acd-gfp was quantified

relative to the control actin RNA transcript. (K,L) Pulse-chase

experiment of PGIP2-GFP and ACD-GFP secretion in transiently

transformed protoplasts. Differently from PGIP2-GFP secretion (M),

secretion of ACD-GFP was affected by Sp2 (N). Transformed

protoplasts were pulse-labeled for 2 h and chased for the indicated

periods of time. Tubulin (TUB) was used as an internal control.

that AB-GFP was identified as a membrane-interacting protein
(Figure 2J) and PGIP2-GFP was unable to bind to membranes
(De Caroli et al., 2011a), we chose to analyze the chimeras
ABC1–4-GFP and ABC1–5-GFP, representing respectively the
longest construct retained in Golgi stacks and the shortest to be
released (Figure 4), and the two chimeras carrying 7 and 9 LRRs
(ABC1–7-GFP, ABC1–9-GFP), which both reached the cell wall
(Figures 3K,M). The detergent and aqueous distribution of the
chimeras clearly showed the membrane-interacting behavior of
ABC1–4-GFP, it was in fact mainly recovered in the detergent
phase (72%) (Figure 6A), and the soluble nature of the forms
carrying 5, 7, and 9 LRRs found, on the contrary, in the aqueous
phase (Figures 6B–D). Interestingly, the amount of proteins
recovered in the aqueous phase increased with the length of C
domain.

The data obtained with the C domain suggest the presence in
this sequence of regions/signals that allow the protein to leave
the Golgi. To ascertain if these regions/signals can also act as cell
wall sorting signals, we fused a vacuolar targeted GFP, GFP-Chi
(Di Sansebastiano et al., 1998) to the full-length PGIP2 protein.
The obtained fluorescent chimera PGIP2-GFP-Chi transiently
expressed in tobacco protoplasts labeled the ER and Golgi stacks
and the central vacuole (Figures 7A,B) without ever labeling
the cell wall. Western blot clearly showed the presence of the
chimera in the IN and OUT but, again, not in the CW fractions
(Figure 7C). The capability of the Chi signal to divert the path of
PGIP2 from the cell wall to the vacuole corroborates the idea that
the C domain is a releasing rather than a cell wall sorting signal.
The meaning of the presence of the chimera in the medium was
analyzed as described below.

Membrane Interaction Mediated by the B Domain
is Saturable
It has been reported that, in transiently transformed protoplasts,
the vacuolar sorting is a saturable mechanism and that saturation
leads to default secretion of the exceeding protein to the
incubation medium (Frigerio et al., 1998). In agreement with
this notion, PGIP2-GFP-Chi was detected also out of the
cells (Figure 7C); moreover, its secretion was inhibited by
Sp2 (Figure 7D, Figures S5G–I) suggesting a default pathway.
Similar to PGIP2-GFP-Chi, we observed that all the truncated
forms retained in the Golgi were always in part detected in the
medium and that, also in this case, secretion was affected by Sp2
(Figures 2C,D; Figures S5A–C, Figures 4J,L; Figures S5D–F).
To search for a saturable retention mechanism similar to that
operating in vacuolar sorting, we transformed protoplasts with
either PGIP2-GFP-Chi or ABC1–4-GFP, using lower amounts of
plasmid DNA (2µg, instead of the standard amount of 20µg, for
approximately 106 protoplasts). Transformed protoplasts were

then pulse-labeled for 1 h with a [35S] protein labeling mixture
and chased for 4 h. When expressed at low level, both PGIP2-
GFP-Chi and ABC1–4-GFP were still present in the intracellular
fraction, but none of them was detected in the incubation
medium (Figures 7E,F). These results suggest that the default
secretion of the Golgi-retained construct ABC1–4-GFP depends
on the saturation of the B-domain interacting Golgi system.
The saturation mechanism appears similar to that reported for
vacuolar secretion, as observed in our experimental system with
the construct PGIP2-GFP-Chi.

Discussion

PGIP2 reaches the cell wall moving as soluble cargo along the
secretory pathway through mechanisms distinguishable from a
default sorting (De Caroli et al., 2011a). In this work we have
provided evidence on specific roles of themain domains of PGIP2
previously described by Leckie et al. (1999) as: A, signal peptide;
B, N-terminal; C, leucine-rich repeats.

A Domain is the Signal Peptide of PGIP2
The presence of a N-terminal specific signal is a feature of
many secreted proteins regardless of whether or not they transit
through the conventional secretion pathway. The first 20 aa at
theN-terminus of PGIP2 (A domain, Figure S1) were postulated
to be a putative signal peptide (Leckie et al., 1999). Our analyses
on the GFP-tagged A domain showed that it allows translocation
into ER and secretion into the medium with a pattern similar
to the default secretion of the synthetic protein secGFP (Batoko
et al., 2000; Leucci et al., 2007). Both chimeras are sensitive to
Sp2, the dominant negative truncated form of SYP121, known to
interfere with the default post-Golgi transport mediated by this
syntaxin (Geelen et al., 2002; Leucci et al., 2007). Therefore, the
N-terminal A domain of PGIP2, like the sec signal of secGFP,
represents the classical signal peptide (SP) necessary for protein
translocation into ER and for protein secretion through the
ER/Golgi secretory pathway. No other signals are present in this
domain since the chimera was secreted into the medium by
default.

Golgi Holding Signals are Present in B Domain
The construct AB-GFP, consisting of the first 68 aminoacids
of PGIP2, including the signal peptide (A domain) and the
presumed N-terminus of the mature protein (B domain), labeled
ER and Golgi. Golgi stacks are the stable and final localization
of the chimera as evidenced by co-localization with the Golgi
marker ST52-mRFP and the disappearance of fluorescence from
ER in the presence of cycloheximide. The construct AB-GFP was
detected in the intracellular fraction proteins in a glycosylated
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FIGURE 6 | The length of C domain modulates PGIP2 chimera membrane interaction. (A–D) Detergent extraction in Triton X-114 of transformed protoplasts

showing the progressive increase of soluble nature of constructs containing 1–5, 1–7, and 1–9 LRRs of C domains. Bands were detected using anti-GFP serum.

FIGURE 7 | PGIP2-GFP-Chi reaches the vacuole, a saturable

mechanism is at the basis of PGIP2-GFP-Chi vacuolar sorting as well

as of the Golgi retention mediated by B domain. (A) PGIP2-GFP-Chi

transiently expressed in tobacco leaf protoplasts progressively labeled ER,

Golgi stacks and (B) the large central vacuole. The same fluorescent pattern

was observed in 96 ± 4% among over 300 transformed protoplasts

examined (100 for each of three independent transformations). (C) Western

blot of protein fractions (intracellular, IN; cell wall, CW; incubation medium,

OUT) obtained from tobacco protoplast transformed with PGIP2-GFP-Chi.

(D) Quantification of the inhibitory effect of Sp2 on the secretion of

PGIP2-GFP-Chi into the medium. Statistical analysis is as in Figure 1. (E,F)

Intracellular and incubation medium protein fractions obtained from tobacco

protoplasts transiently transformed with 20 or 2µg of the plasmid encoding

PGIP2-GFP-Chi (E) or ABC1–4-GFP (F), pulse-labeled for 1 h with a protein

labeling mixture [35S] and chased for the indicated periods of time. Scale

bars = 20µm.

and non-glycosylated form, confirming its insertion in the
secretory pathway and its transit in the ER.

PGIP2 moves through the secretion pathway as soluble cargo
without any interaction withmembranes (De Caroli et al., 2011a).
Differently from the full-length protein, after extraction and
phase separation in the presence of Triton X-114, the chimera
AB-GFP was detected in the detergent phase suggesting its
interaction with the endomembrane system. No putative signals
indicative of membrane binding (GPI-anchors or TM sequences)
are predicted in B domain (predGPI software, TMHMM server),
which is also hydrophilic. Therefore, the interaction of B domain
with Golgi membranes could be: (i) an intermediate step in
PGIP2 secretion to the cell wall or (ii) an aspecific process due
to the presence of sites exposed in the fragment B but not in the
full-length PGIP2 protein; a series of experimental evidence are

in favor of the first hypothesis. When the full-length C domain,
consisting of 10.5 LRRs was added to the AB fragment, the
chimera ABC-GFP was no longer retained in the Golgi stacks
and reached the cell wall. Significantly, this release occurred
starting from the addition of the fifth LRR, while the constructs
containing the first four LRRs remained stably held in the Golgi.
A switch frommembrane-interacting constructs to soluble forms
occurred only after the addition of the fifth LRR, which does not
establish interactions with the B domain (Di Matteo et al., 2003)
(Figures 3, 6). It is therefore difficult to explain these results with
an accidental generation of both retention and export signals.
On the contrary, it is reasonable to hypothesize the presence
of specific informations in C sub-fragments that overcomes the
effect of the B domain, allowing the protein to leave Golgi
and continue its journey toward the cell wall. Therefore, the
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dissection of PGIP2 in its domains and the fragmentation of the
C domain in sub-fragments likely allows to unmask the potential
of the B domain to interact with Golgi membranes that is not
detectable during the trafficking of the full-length protein.

Multiple signals seem to be involved in the segregation
of Golgi resident proteins from secretory traffic to different
compartments of Golgi stacks. TM domains are considered to
provide a dominant localization signal, but contributions from
cytoplasmic tails and lumenal domains have also been reported
(Munro, 1995; Brandizzi et al., 2002; Hawes, 2005; Schoberer
and Strasser, 2011; Chevalier et al., 2014). The lumenal domain
of some glycosyltransferases seems to have a targeting role
by promoting interaction with existing membrane complexes.
A soluble form of N-acetylglucosaminyl-transferase I (GlcNac-
T1), carrying a lumenal domain but lacking the TM domain,
accumulates in the Golgi prior to secretion. The retardation
of the soluble form within Golgi is related to the inclusion
into membrane-linked high molecular weight complexes, whose
nature remains obscure (Opat et al., 2000). Therefore, if the
lumenal domain may be important for the targeting of proteins
that also possess TM domains, it is even more plausible that
soluble proteins that must be addressed to particular regions
of Golgi stacks possess specific regions that act as signals.
These may allow the proteins to be sequentially modified or
selectively segregated for trafficking routes different from the
default pathway. With respect to this, interesting results on
cell wall protein trafficking have been reported. Dal Degan and
co-workers (2001) reported that an endopolygalacturonase 1 is
temporarily stored inside the cell until triggered to secretion
by a sorting signal within the cleavable N-terminal domain.
Furthermore, evidence has been provided for the involvement
of the N-terminal domain, the PRO region, in the temporary
retention of pectin methylesterase (PME) isoforms within the
Golgi stacks, through the binding with a resident interactor
(likely an inactive protease or unknown auxiliary factors).
Proteolytic release of the PRO region, occurring in the Golgi, is
a pre-requisite for apoplastic targeting of PME (Dorokhov et al.,
2006; Wolf et al., 2009a,b). Although studies on cell wall protein
and polysaccharide trafficking are still very few, it is significant
that independent researchers reported specific controls on cell
wall protein sorting, all related to a transient holding in the Golgi.

To corroborate the hypothesis that the B domain of PGIP2
plays a role in the trafficking of the protein, likely determining a
transient interaction with Golgi membranes, a PGIP2 fluorescent
chimera deleted of this domain (ACD-GFP) was constructed
and its trafficking was compared to that of full-length PGIP2
(ABCD-GFP). Interestingly, GFP signal intensity was clearly
lower in protoplasts transformed with B-depleted construct than
PGIP2 transformed cells. Analyses of PGIP2-GFP and ACD-
GFP gene expression clearly showed that levels of the ACD-GFP
transcripts were lower by about 50%, suggesting a role of the
region encoding the B domain in transcript stability or a role of
the B domain in PGIP2 expression. Pulse-chase analyses clearly
showed different secretion kinetics of the two chimeras. While
ACD-GFP was completely secreted within a 4 h chase, PGIP2-
GFP was continuously secreted over a 6 h chase. Furthermore,
unlike PGIP2, ACD-GFP secretion was drastically affected by

Sp2, indicating the involvement of a default pathway (Geelen
et al., 2002; Rehman et al., 2008). These results confirm that
PGIP2 trafficking toward the cell wall does not occur by default
(De Caroli et al., 2011a). They also support the hypothesis of the
presence in the B domain of a holding signal that may slow down
PGIP2 delivery to the cell wall. Finally, they provide evidence that
these signals regulate PGIP2 sorting since, when they are lacking,
protein secretion is converted from a controlled route to a default
pathway. Unregulated passive inclusion of B-deleted PGIP2 into
vesiclesmay occurmore rapidly in the absence of interaction with
auxiliary factors present on the Golgi membranes.

The C Domain Contains Golgi-releasing
Information
In the ABC-GFP construct, as well as in the full-length PGIP2,
the presence of the C domain allows the protein to leave
Golgi and to move to the cell wall (Figure 3). The C domain
seems to act as a releasing signal rather than as a classical
sorting target as evidenced with the construct PGIP2-GFP-Chi,
where the vacuolar sorting signal Chi was added to PGIP2. The
fluorescent vacuolar reporter GFP-Chi, carrying a C-terminal
sorting determinant of tobacco chitinase (Di Sansebastiano et al.,
1998), is widely used to study vacuolar trafficking as well as
vacuole biogenesis (Flückiger et al., 2003; Stigliano et al., 2013).
A direct ER-to-vacuole transport has been recently described
that does not involve the COPII transport machinery and
is independent from Golgi and post-Golgi trafficking (Viotti
et al., 2013; Viotti, 2014), and GFP-Chi has been reported as
a specific marker of a Golgi-independent traffic to the central
vacuole (Faraco et al., 2013; Stigliano et al., 2013, 2014). Our
construct PGIP2-GFP-Chi labeled Golgi stacks indicating that,
in the full-length PGIP2, signals for a conventional ER to
Golgi transport are dominant on Chi-dependent mechanisms.
However, unlike PGIP2-GFP, PGIP2-GFP-Chi accumulates into
the central vacuole indicating that Chi is a more strong
recognizable signal than the information in the C domain, later
acting as a dominant vacuolar sorting signal. Likely, Chi signal
recognition in the Golgi stacks depends on versatility of vacuolar
sorting recognition sites (Suen et al., 2010; DeMarcos Lousa et al.,
2012).

The distribution ratio between the detergent (membrane
interacting) and aqueous (soluble) phases of the constructs
containing 1–4, 1–5, 1–7, and 1–9 LRRs of C domain
also provides interesting information. The amount of protein
recovered in the aqueous phase increased with the length of
C domain (Figures 6A–D). By analyzing the trafficking of each
PGIP2 domain in conditions of high expression, which may
reveal events not appreciable in normal expression conditions,
it was possible to observe: (i) a stable membrane interaction of
the chimera containing only the B domain (Figure 2J); (ii) a
complete solubility of the full-length PGIP2 (De Caroli et al.,
2011a); (iii) intermediate features for the chimeras containing
increasing length C sub-fragments (Figures 6A–D). All together
the results suggest that trafficking of PGIP2 to the cell wall
likely occurs through complex mechanisms related to specific
interactions with Golgi membranes involving hold/release steps
specifically mediated by B and C domains.
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Golgi Membrane Retention of B Domain is a
Saturable Mechanism
We have discussed above that the sorting to the cell wall likely
occurs through complex interactions with Golgi membranes
involving a retention step mediated by the B domain and,
likely, unknown auxiliary factors. The evidence that the system
mediating retention is saturable supports the existence of these
factors. The constructs AB-GFP and ABC1–4-GFP, retained in
the Golgi stacks, were always also detected in the incubation
medium (OUT) (Figures 2C, 4J); significantly, the percentage of
the chimeras detected outside the cell drastically decreased in the
presence of Sp2 (Figures 2D, 4L), clearly indicating a secretion
via default. A saturable membrane interaction mechanism may
explain this default secretion. When the capacity of unknown
auxiliary factors to interact with B domain is saturated (as in
conditions of high expression) the excess of chimera escapes
controls and is secreted by default, passively enclosed into
vesicles. On the contrary, secretion of the full-length PGIP2 to
the apoplast, as well as of the constructs containing the entire
or a large portion (≥5 LRRs) of the C domain, is never affected
by Sp2 (Figure S4; Figures 4K, 5M), excluding the involvement
of the default pathway. As discussed above, when both B and C
domains are present, membrane interactions involving transient
hold/release steps likely occur, the transient nature of this
interactions not allowing the saturation of the mechanism.

The existence of a saturable targeting mechanism involved
in the secretion of the vacuolar phaseolin has been evidenced
by comparing high and low amounts of plasmid DNA in
transiently transformed protoplasts. In a condition of phaseolin
over-expression, the vacuolar sorting capacity of protoplasts
was saturated and the excess of protein was secreted into
the incubation medium via a default pathway. At lower levels
of protein expression, however, no default secretion into the
medium occurred (Frigerio et al., 1998). Adopting the same
experimental strategy, we detected no secretion into the medium
for the truncated PGIP2-GFP construct that, when expressed at
high level, showed instead both retention in the Golgi and default
secretion (Figure 7F). Further, as for phaseolin, PGIP2-GFP-Chi
showed Sp2-sensitive secretion into the medium, and, at low
amount of plasmid DNA (2µg), was completely targeted to the
vacuole (Figure 7E).

It is important to underline that the saturation of the vacuolar
sorting machinery is easily evidenced because the exceeding
vacuolar proteins are diverted in a different compartment,
i.e., the apoplast, by default. Saturation of regulated protein
secretion to the wall is more difficult to study because it overlaps
with the default pathway. The inhibition of PGIP2-GFP-Chi
secreted into the medium by Sp2 corroborates the validity of our
system.

Altogether the evidence reported here, in addition to those
previously reported in other studies (Dal Degan et al., 2001;
Dorokhov et al., 2006; Leucci et al., 2007; Wolf et al., 2009a,b; De
Caroli et al., 2011a,b), reveals a great complexity in the delivery
of cell wall materials and the regulation of their Golgi trafficking.
The heterogeneity of these materials, polysaccharides and both
structural and enzymatic proteins, does not help to solve the

problem. A classical sorting signal, as we expected on the basis of
our knowledge on vacuolar sorting sequences, cannot be present
in cell wall polysaccharides and, as reported in this work, seems
to lack in cell wall proteins. The absence of such a specific cell
wall sequence targeting and the difficulty to discriminate among
two paths following the same direction (as above discussed) are
likely the reasons that led to assumption, until recently, that the
trafficking to the apoplast is a default pathway. Lately, the idea
of more complex and highly regulated pathways is progressively
growing up (Worden et al., 2012; Kim and Brandizzi, 2014). The
evidence reported in this paper in favor of a controlled export of
a cell wall protein that moves as soluble cargo adds new elements
in this direction.
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Figure S1 | Schematic representation of the constructs analyzed in this

study. Asterisks indicate the putative glycosylation sites. Numbers mark location

of the amino acids.

Figure S2 | Co-localization of AB-GFP with the ER marker RFP-HDEL.

Figure S3 | ABC-GFP progressively labeled ER (A–D) and the Golgi stacks

(E–H) before reaching the cell wall, as indicated by co-localization with the

ER marker RFP-HDEL and the Golgi marker ST52-mRFP.

Figure S4 | Quantification of the effect of Sp2 on the secretion of ABC-GFP.

Figure S5 | The saturation of the retention mechanism mediated by B

domain leads to default secretion affected by Sp2. The default secretion of

the Golgi-retained constructs AB-GFP and ABC1–4-GFP was inhibited in the

presence of Sp2 (A–F) as well as the default secretion to the medium of the

PGIP2-GFP-Chi (G–I). No Sp2 effect was detected on ABC1–5-GFP secretion

(J–L).

Table S1 | Oligonucleotides used for cloning and qRT-PCR.

References

Agrawal, G. K., Jwa, N. S., Lebrun, M. H., Job, D., and Rakwal, R. (2010). Plant

secretome: unlocking secrets of the secreted proteins. Proteomics 10, 799–827.

doi: 10.1002/pmic.200900514

Aprile, A., Federici, C., Close, T. J., De Bellis, L., Cattivelli, L., and

Roose, M. L. (2011). Expression of the H+-ATPase AHA10 proton

pump is associated with citric acid accumulation in lemon juice sac

cells. Funct. Integr. Genomics 11, 551–563. doi: 10.1007/s10142-011-

0226-3

Frontiers in Plant Science | www.frontiersin.org 13 August 2015 | Volume 6 | Article 660

http://journal.frontiersin.org/article/10.3389/fpls.2015.00660
http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive


De Caroli et al. PGIP2 regulated secretion to the cell wall

Assaad, F. F., Qiu, J. L., Youngs, H., Ehrhardt, D., Zimmerli, L., Kalde, M., et al.

(2004). The PEN1 syntaxin defines a novel cellular compartment upon fungal

attack and is required for the timely assembly of papillae. Mol. Biol. Cell. 15,

5118–5129. doi: 10.1091/mbc.E04-02-0140

Bassham, D. C., Brandizzi, F., Otegui, M. S., and Sanderfoot, A. A. (2008). “The

secretory system of Arabidopsis,” in The Arabidopsis Book, eds C. R. Somerville

and E. M. Meyerowitz (Rockville, MD: American Society of Plant Biologists),

6:e0116.

Batoko, H., Zheng, H. Q., Hawes, C., and Moore, I. (2000). A rab1 GTPase is

required for transport between the endoplasmic reticulum and Golgi apparatus

and for normal Golgi movements in plants. Plant Cell 12, 2201–2218. doi:

10.1105/tpc.12.11.2201

Bradford, M. M. (1976). A rapid and sensitive method for the quantitation of

microgram quantities of protein utilizing the principle of protein-dye binding.

Anal. Biochem. 72, 248–254. doi: 10.1016/0003-2697(76)90527-3

Brandizzi, F., Frangne, N., Marc-Martin, S., Hawes, C., Neuhaus, J., and Paris,

N. (2002). The destination for single-pass membrane proteins is influenced

markedly by the length of the hydrophobic domain. Plant Cell 14, 1077–1092.

doi: 10.1105/tpc.000620

Chevalier, A. S., Bienert, G. P., and Chaumont, F. (2014). A new LxxxA motif

in the transmembrane Helix3 of maize aquaporins belonging to the plasma

membrane intrinsic protein PIP2 group is required for their trafficking to the

plasma membrane. Plant Physiol. 166, 125–138. doi: 10.1104/pp.114.240945

Dal Degan, F., Child, R., Svendsen, I., and Ulvskov, P. (2001). The cleavable

N-terminal domain of plant endopolygalacturonases from clade B may be

involved in a regulated secretion. J. Biol. Chem. 21, 35297–35304. doi:

10.1074/jbc.M102136200

De Caroli, M., Lenucci, M. S., Di Sansebastiano, G. P., Dalessandro, G., De

Lorenzo, G., and Piro, G. (2011a). Protein trafficking to the cell wall occurs

through mechanisms distinguishable from default sorting in tobacco. Plant J.

65, 295–308. doi: 10.1111/j.1365-313X.2010.04421.x

De Caroli, M., Lenucci, M. S., Di Sansebastiano, G. P., Dalessandro, G., De

Lorenzo, G., and Piro, G. (2011b). Dynamic protein trafficking to the cell wall.

Plant Signal. Behav. 6, 1012–1015. doi: 10.4161/psb.6.7.15550

De Caroli, M., Lenucci, M. S., Di Sansebastiano, G.-P., Tunno, M., Montefusco,

A., Dalessandro, G., et al. (2014). Cellular localization and biochemical

characterization of a chimeric fluorescent protein fusion of Arabidopsis

cellulose synthase-like A2 inserted into Golgi membrane. Sci. World J.

2014:792420. doi: 10.1155/2014/792420

De Marcos Lousa, C., Gershlick, D., and Denecke, J. (2012). Mechanisms and

concepts paving the way towards a complete transport cycle of plant vacuolar

sorting receptors. Plant Cell 24, 1714–1732. doi: 10.1105/tpc.112.095679

Denecke, J., Botterman, J., and Deblaere, R. (1990). Protein secretion in plant cells

can occur via a default pathway. Plant Cell 2, 51–59. doi: 10.1105/tpc.2.1.51

Devoto, A., Leckie, F., Lupotto, E., Cervone, F., and De Lorenzo, G. (1998).

The promoter of a gene encoding a polygalacturonase-inhibiting protein of

Phaseolus vulgaris L. is activated by wounding but not by elicitors or pathogen

infection. Planta 205, 165–174. doi: 10.1007/s004250050308

Di Matteo, A., Federici, L., Mattei, B., Salvi, G., Johnson, K. A., Savino, C., et al.

(2003). The crystal structure of polygalacturonase-inhibiting protein (PGIP),

a leucine-rich repeat protein involved in plant defense. Proc. Natl. Acad. Sci.

U.S.A. 100, 10124–10128. doi: 10.1073/pnas.1733690100

Ding, Y., Robinson, D. G., and Jiang, L. (2014). Unconventional protein

secretion (UPS) pathways in plants. Curr. Opin. Cell Biol. 29, 107–115. doi:

10.1016/j.ceb.2014.05.008

Ding, Y., Wang, J., Wang, J., Stierhof, Y.-D., Robinson, D. G., and Jiang, L.

(2012). Unconventional protein secretion. Trends Plant Sci. 17, 606–615. doi:

10.1016/j.tplants.2012.06.004

Di Sansebastiano, G. P., Paris, N., Marc-Martin, S., and Neuhaus, J. M. (1998).

Specific accumulation of GFP in a non-acidic vacuolar compartment via a

C-terminal propeptide-mediated sorting pathway. Plant J. 15, 449–458. doi:

10.1046/j.1365-313X.1998.00210.x

Dorokhov, Y. L., Skurat, E. V., Frolova, O. Y., Gasanova, T. V., Ivanov,

P. A., Ravin, N. V., et al. (2006). Role of the leader sequences in

tobacco pectin methylesterase secretion. FEBS Lett. 580, 3329–3334. doi:

10.1016/j.febslet.2006.04.090

Driouich, A., Follet-Gueye, M. L., Bernard, S., Kousar, S., Chevalier, L., Vicrè-

Gibouin, M., et al. (2012). Golgi-mediated synthesis and secretion of matrix

polysaccharides of the primary cell wall of higher plants. Front. Plant Sci. 3:79.

doi: 10.3389/fpls.2012.00079

Elbein, A. D. (1987). Inhibitors of the biosynthesis and processing of n-

linked oligosaccharide chains. Annu. Rev. Biochem. 56, 497–534. doi:

10.1146/annurev.bi.56.070187.002433

Faraco, M., Latino, A., De Benedictis, M., Piro, G., and Di Sansebastiano, G.

P. (2013). Atsyp51 and Atsyp52 differently affect sorting of GFPChi and

AleuGFP vacuolar markers. J. Plant Biochem. Physiol. 1, 2. doi: 10.4172/2329-

9029.1000e105

Flückiger, R., De Caroli, M., Piro, G., Dalessandro, G., Neuhaus, J. M., and Di

Sansebastiano, G. P. (2003). Vacuolar complex distribution in Arabidopsis

thaliana tissue, visualized using GFP fusion proteins. J. Exp. Bot. 54, 1577–1584.

doi: 10.1093/jxb/erg160

Freydl, E., Meins, F. Jr., Boller, T., and Neuhaus, J. M. (1995). Kinetics of prolyl

hydroxylation, intracellular transport and C-terminal processing of the tobacco

vacuolare chitinase. Planta 197, 250–256. doi: 10.1007/BF00202644

Frigerio, L., de Virgilio, M., Prada, A., Faoro, F., and Vitale, A. (1998). Sorting of

phaseolin to the vacuole is saturable and requires a short C-terminal peptide.

Plant Cell 10, 1031–1042. doi: 10.1105/tpc.10.6.1031

Geelen, D., Leyman, B., Batoko, H., Di Sansebastiano, G. P., Moore, I., and Blatt,

M. R. (2002). The abscisic acid-related SNARE homolog NtSyr1 contributes to

secretion and growth: evidence from competition with its cytosolic domain.

Plant Cell 14, 387–406. doi: 10.1105/tpc.010328

Glantz, S. A. (2002). Primer of Biostatistic, 5th Edn. New York, NY: McGraw-Hill

Medical Pub.

Hawes, C. (2005). Cell biology of the plant Golgi apparatus. New Phytol. 165,

29–44. doi: 10.1111/j.1469-8137.2004.01218.x

Hückelhoven, R. (2007). Cell wall-associated mechanisms of disease

resistance and susceptibility. Annu. Rev. Phytopathol. 45, 101–127. doi:

10.1146/annurev.phyto.45.062806.094325

Jurgens, G. (2004). Membrane trafficking in plants. Annu. Rev. Cell Dev. Biol. 20,

481–504. doi: 10.1146/annurev.cellbio.20.082503.103057

Jürgens, G. (2005). Plant cytokinesis: fission by fusion. Trends Cell Biol. 15,

277–283. doi: 10.1016/j.tcb.2005.03.005

Kalunke, R. M., Tundo, S., Benedetti, M., Cervone, F., De Lorenzo, G.,

and D’Ovidio, R. (2015). An update on polygalacturonase-inhibiting

protein (PGIP), a leucine-rich repeat protein that protects crop plants

against pathogens. Front. Plant Sci. 6:146. doi: org/10.3389/fpls.2015.

00146

Kim, S.-J., and Brandizzi, F. (2014). The plant secretory pathway: an essential

factory for building the plant cell wall. Plant Cell Physiol. 55, 687–693. doi:

10.1093/pcp/pct197

Leckie, F., Mattei, B., Capodicasa, C., Hemmings, A., Nuss, L., Aracri, B., et al.

(1999). The specificity of polygalacturonase-inhibiting protein (PGIP): a single

amino acid substitution in the solvent-exposed beta-strand/beta-turn region of

the leucine-rich repeats (LRRs) confers a new recognition capability. Embo J.

18, 2352–2363. doi: 10.1093/emboj/18.9.2352

Lenucci, M., Leucci, M. R., Andreoli, C., Dalessandro, G., and Piro, G.

(2006). Biosynthesis and characterization of glycoproteins in Koliella

antarctica (Klebsormidiales, Chlorophyta). Eur. J. Phycol. 41, 213–222. doi:

10.1080/09670260600648596

Leone, A., Piro, G., Leucci, M. R., Zacheo, G., and Dalessandro, G.

(2000). Membrane- and cell wall-associated heat shock proteins in

two genotypes of barley seedlings. Plant Biosyst. 134, 171–178. doi:

10.1080/11263500012331358434

Leucci, M. R., Di Sansebastiano, G. P., Gigante, M., Dalessandro, G., and Piro, G.

(2007). Secretion marker proteins and cell-wall polysaccharides move through

different secretory pathway. Planta 225, 1001–1017. doi: 10.1007/s00425-006-

0407-9

McFarlane, H. E., Döring, A., and Persson, S. (2014). The cell biology of cellulose

synthesis. Ann. Rev. Plant Biol. 65, 69–94. doi: 10.1146/annurev-arplant-

050213-040240

Munro, S. (1995). An investigation of the role of transmembrane domains in Golgi

protein retention. EMBO J. 14, 4695–4704.

Opat, A. S., Houghton, F., and Gleeson, P. A. (2000). Medial Golgi but not late

Golgi glycosyltransferases exist as high molecular weigth complexes. Role of

luminal domain in complex formation and localization. J. Biol. Chem. 275,

11836–11845. doi: 10.1074/jbc.275.16.11836

Frontiers in Plant Science | www.frontiersin.org 14 August 2015 | Volume 6 | Article 660

http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive


De Caroli et al. PGIP2 regulated secretion to the cell wall

Piro, G., Lenucci, M. S., Dalessandro, G., La Rocca, N., Rascio, N., Moro, I., et al.

(2000). Ultrastructure, chemical composition and biosynthesis of the cell wall in

Koliella antarctica (Klebsormidiales, Chlorophyta). Eur. J. Phycol. 35, 331–337.

doi: 10.1080/09670260010001735931

Rehman, R. U., Stigliano, E., Lycett, G. W., Sticher, L., Sbano, F., Faraco, M.,

et al. (2008). Tomato Rab11a characterization evidenced a difference between

SYP121-dependent and SYP122-dependent exocytosis. Plant Cell Physiol. 49,

751–766. doi: 10.1093/pcp/pcn051

Saint-Jore-Dupas, C., Nebenführ, A., Boulaflous, A., Follet-Gueye, M.-L.,

Plasson, C., Hawes, C., et al. (2006). Plant N-glycan processing enzymes

employ different targeting mechanisms for their spatial arrangement along

the secretory pathway. Plant Cell 18, 3182–3200. doi: 10.1105/tpc.105.

036400

Schoberer, J., and Strasser, R. (2011). Sub-compartmental organization of Golgi-

resident N-glycan processing enzymes in plants. Mol. Plant 4, 220–228. doi:

10.1093/mp/ssq082

Silva, P. A., Ul-Rehman, R., Rato, C., Di Sansebastiano, G.-P., andMalhó, R. (2010).

Asymmetric localization of Arabidopsis SYP124 syntaxin at the pollen tube

apical and sub-apical zones is involved in tip growth. BMC Plant Biol. 10:179.

doi: 10.1186/1471-2229-10-179

Somerville, C. (2006). Cellulose synthesis in higher plants. Annu. Rev. Cell Dev.

Biol. 22, 53–78. doi: 10.1146/annurev.cellbio.22.022206.160206

Stigliano, E., Di Sansebastiano, G.-P., and Neuhaus, J.-M. (2014). Contribution

of chitinase A’s C-terminal vacuolar sorting determinant to the study of

soluble protein compartmentation. Int. J. Mol. Sci. 15, 11030–11039. doi:

10.3390/ijms150611030

Stigliano, E., Faraco, M., Neuhaus, J.-M., Montefusco, A., Dalessandro, G.,

Piro, G., et al. (2013). Two glycosylated vacuolar GFPs are new markers

for ER-to-vacuole sorting. Plant Physiol. Biochem. 73, 337–343. doi:

10.1016/j.plaphy.2013.10.010

Suen, P. K., Shen, J., Sun, S. S. M., and Jiang, L. (2010). Expression

and characterization of two functional vacuolar sorting receptor

(VSR) proteins, BP-80 and AtVSR4 from culture media of transgenic

tobacco BY-2 cells. Plant Sci. 179, 68–76. doi: 10.1016/j.plantsci.2010.

04.008

Toyooka, K., Goto, Y., Asatsuma, S., Koizumi, M., Mitsui, T., and Matsuoka,

K. (2009). A mobile secretory vesicle cluster involved in mass transport

from the Golgi to the plant cell exterior. Plant Cell 21, 1212–1229. doi:

10.1105/tpc.108.058933

Viotti, C. (2014). ER and vacuoles: never been closer. Front. Plant Sci. 5:20. doi:

10.3389/fpls.2014.00020

Viotti, C., Krüger, F., Krebs, M., Neubert, C., Fink, F., Lupanga, U., et al.

(2013). The endoplasmatic reticulum is the main membrane source for

biogenesis of the lytic vacuole in Arabidopsis. Plant Cell 25, 3434–3449. doi:

10.1105/tpc.113.114827

Wang, J., Ding, Y., Wang, J., Hillmer, S., Miao, Y., Lo, S. W., et al. (2010).

EXPO, an exocyst-positive organelle distinct from multivesicular endosomes

and autophagosomes, mediates cytosol to cell wall exocytosis in Arabidopsis

and tobacco cells. Plant Cell 22, 4009–4030. doi: 10.1105/tpc.110.080697

Wolf, S., Mouille, G., and Pelloux, J. (2009a). Homogalacturonan methyl-

esterification and plant development. Mol. Plant 2, 851–860. doi:

10.1093/mp/ssp066

Wolf, S., Rausch, T., and Greiner, S. (2009b). The N-terminal pro region mediates

retention of unprocessed type I PME in the Golgi apparatus. Plant J. 58,

361–375. doi: 10.1111/j.1365-313X.2009.03784.x

Worden, N., Park, E., and Drakakaki, G. (2012). Trans-Golgi network: an

intersection of trafficking cell wall components. J. Integr. Plant Biol. 54,

875–886. doi: 10.1111/j.1744-7909.2012.01179.x

Yang, X., Tu, L., Zhu, L., Fu, L., Min, L., and Zhang, X. (2008). Expression profile

analysis of genes involved in cell wall regeneration during protoplast culture

in cotton by suppression subtractive hybridization and macroarray. J. Exp. Bot.

59, 3661–3674. doi: 10.1093/jxb/ern214

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2015 De Caroli, Lenucci, Manualdi, Dalessandro, De Lorenzo and Piro.

This is an open-access article distributed under the terms of the Creative Commons

Attribution License (CC BY). The use, distribution or reproduction in other forums

is permitted, provided the original author(s) or licensor are credited and that the

original publication in this journal is cited, in accordance with accepted academic

practice. No use, distribution or reproduction is permitted which does not comply

with these terms.

Frontiers in Plant Science | www.frontiersin.org 15 August 2015 | Volume 6 | Article 660

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive

	Molecular dissection of Phaseolus vulgaris polygalacturonase-inhibiting protein 2 reveals the presence of hold/release domains affecting protein trafficking toward the cell wall
	Introduction
	Materials and Methods
	Plasmid Construction
	Protoplast Preparation and Transformation
	In vivo Immunolabeling of Proteins on Protoplast Surface
	Drug Treatments
	Confocal Laser Scanning Microscopy
	Protein Extraction
	Cell Lysis and Phase Separation
	SDS-PAGE and Western Blotting
	Pulse-chase and Immunoprecipitation
	Standard RNA Procedures and Quantitative Real-time PCR
	Statistical Analyses

	Results
	The A Domain of PGIP2 Directs GFP into the Secretory System
	The B Domain Leads to Retention of GFP in the Golgi Stacks
	The ABC Truncated Form of PGIP2 Moves to the Cell Wall
	PGIP2 and Its B Domain-deleted Form Move Through Different Mechanisms
	C Domain Length Affects the Solubility of the Chimeras
	Membrane Interaction Mediated by the B Domain is Saturable

	Discussion
	A Domain is the Signal Peptide of PGIP2
	Golgi Holding Signals are Present in B Domain
	The C Domain Contains Golgi-releasing Information
	Golgi Membrane Retention of B Domain is a Saturable Mechanism

	Acknowledgments
	Supplementary Material
	References


