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ABSTRACT

Auxin directs plant ontogenesis via differential accumulation within tissues depending largely on the
activity of PIN proteins that mediate auxin efflux from cells and its directional cell-to-cell transport. Regard-
less of the developmental importance of PINs, the structure of these transporters is poorly characterized.
Here, we present experimental data concerning protein topology of plasma membrane-localized PINs.
Utilizing approaches based on pH-dependent quenching of fluorescent reporters combined with immuno-
localization techniques, we mapped the membrane topology of PINs and further cross-validated our results
using available topology modeling software. We delineated the topology of PIN1 with two transmembrane
(TM) bundles of five a-helices linked by a large intracellular loop and a C-terminus positioned outside
the cytoplasm. Using constraints derived from our experimental data, we also provide an updated
position of helical regions generating a verisimilitude model of PIN1. Since the canonical long PINs show
a high degree of conservation in TM domains and auxin transport capacity has been demonstrated for
Arabidopsis representatives of this group, this empirically enhanced topological model of PIN1 will be
an important starting point for further studies on PIN structure-function relationships. In addition, we
have established protocols that can be used to probe the topology of other plasma membrane proteins
in plants.
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INTRODUCTION (PM) (Petrasek et al., 2006; Wisniewska et al., 2006;

Adamowski and Friml, 2015). The more distant and shorter

Auxin is an important regulator of plant development. Through its
differential distribution within plant tissues, this signaling mole-
cule provides instructive cues to guide plant development from
embryogenesis (Vanneste and Friml, 2009; Adamowski and
Friml, 2015; Robert et al., 2015) throughout the entire plant
ontogenesis (Benkova et al.,, 2003; Berleth et al., 2007;
Benjamins and Scheres, 2008; Swarup et al., 2008). Local auxin
distribution depends on auxin biosynthesis, conjugation, and
degradation (Simon and Petrasek, 2011; Ljung, 2013), but also
largely on auxin translocation between cells (Adamowski and
Friml, 2015). A crucial aspect of this directional transport is
mediated by the PIN auxin efflux components, whose family in
Arabidopsis consists of PIN1, 2, 3, 4, and 7; these subclade
members localize asymmetrically at the cell plasma membrane

subclades PIN5 and PIN8 are predominantly localized at the
endoplasmic reticulum (ER) membrane, where they presumably
mediate auxin exchange between the cytosol and the ER lumen
(Mravec et al., 2009; Bosco et al., 2012; Ding et al., 2012) with
possible minor additional localization at the PM in some cases
(Ganguly et al., 2014). The localization and function of the
intermediate member PING is not yet entirely clarified (Nisar
et al., 2014). The auxin transport capacity of PINs was
demonstrated in both Arabidopsis and heterologous systems
(Petrasek et al., 2006; Yang and Murphy, 2009; Zourelidou
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Figure 1. Transmembrane Topology Predictions of the PIN1 Protein.
(A) Distinct topologies for PIN1 as predicted by different software with detailed indication of respective TM domain organizations, each of them depicted
by a rectangle that is color coded for hydrophobicity. All predictions indicate consistently a large hydrophilic region (depicted as a curved line; loop) of the

protein that separates two TM domain regions (TMDs).

(B) The simplified 2D model of the protein shows the basic elements used in the initial topology determination stages, namely the TMDs separated by a

central large hydrophilic loop.

et al.,, 2014). These results are also supported by results of
genetic interference with those proteins, leading to reduced
auxin transport and developmental phenotypes similar to those
observed after application of auxin transport inhibitors (Okada
et al., 1991; Galweiler et al., 1998; Vieten et al., 2007).

Given the importance of auxin transport in plant development and
its directionality, a large body of experimental data concerns the
clathrin-mediated endocytosis, subcellular trafficking including
delivery to the vacuole, and polarization of PINs (Abas et al.,
2006; Kleine-Vehn et al., 2008a, 2008b; Kitakura et al., 2011; for
an overview see Adamowski and Friml, 2015). Comparably little
is known about the structure of PINs. Their predicted amino
acid sequences clearly indicate them as integral membrane
proteins with several transmembrane (TM) domains. In addition,
the topological models generated for these transporters all
indicate a large hydrophilic region in the middle of the PM-
localized PINs (Palme and Galweiler, 1999). The loop (also often
designated as hydrophilic loop and abbreviated to HL) has
been shown to be phosphorylated by cytoplasmic kinases such
as PINOID or D6PKs of the AGC kinase family (Friml et al.,
2004; Michniewicz et al., 2007; Ganguly et al., 2014; Zourelidou
et al., 2014). In contrast, the corresponding regions of ER-
localized PINs harbor only a very short stretch of hydrophilic
amino acids between the TM domains (Krecek et al., 2009;
Mravec et al.,, 2009). Although there exists an assumed
consensus about how PINs should look (Palme and Galweiler,
1999; Ganguly et al., 2012; Bennett et al., 2014), there are
surprisingly few experimental data to support any topology
model.

Here, we experimentally tested the PIN1 topology while evalu-
ating the likelihood of multiple software predictions. Our results
show that the central loop of PIN1 localizes to the cytoplasm
while its carboxy (C)-terminal end faces the apoplast, consistent

with models indicating two regions with five TM domains spaced
by a hydrophilic region. Using constraints derived from our
empirical data, we also provide an updated position of the helical
regions generating a verisimilitude model of PIN1.

RESULTS

PIN1 Topology Predictions Vary in TM Domain Number
but Indicate Consistently a Hydrophilic Region in the
Central Part

While PIN protein localization and developmental functions are
intensively studied, only limited information is available about
the structure of these proteins. One reason for this status quo is
the fact that PINs are TM proteins with multiple TM domains,
and are therefore a demanding target for expression and purifica-
tion procedures. This stimulated us to turn toward computational
protein structure predictions. However, fold-recognition or
template-based homology modeling (Schwede, 2013; Kelley
et al., 2015) could not generate a reliable model for any of the
PIN proteins (data not shown). Therefore, we resorted to more
basic 2D topology predictive software, which, however, is
known to be error-prone (Elofsson and von Heijne, 2007). This
is especially true for ambiguities about the orientation of the
N and C-termini (Jones, 2007). To grasp such variations, we
generated a number of PIN1 topology predictions using
different programs (Figure 1A) (Schwacke et al., 2003). The
different simulations predicted PIN1 topologies having between
7 and 12 presumptive TM domains, resulting in variable
orientation of the N- and C-terminal ends of the protein, as well
as the central hydrophilic region, with respect to the cytoplasm
(in) and cell exterior (out) (Figure 1A). Therefore, we aimed to
reduce the number of likely topological scenarios by providing
experimentally determined restrictions. Notably, all of the
software predictions indicated one consistent feature, a long
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hydrophilic stretch in the PIN1 amino acid sequence positioned
centrally between regions bearing the hydrophobic,
presumptive TM domains (Figure 1B). We reasoned that
determining the orientation of this hydrophilic loop would be a
good starting point to discriminate between predictions and
pave the way in resolving PIN1 topology.

The Hydrophilic Loop of PIN1 Localizes to the
Cytoplasm

Previous biochemical and cell-biological studies have demon-
strated that much of the information necessary for membrane
trafficking and polar targeting is encoded in the amino acid
sequence of the predicted HL of PIN proteins (Michniewicz
et al., 2007; Huang et al., 2010; Zhang et al., 2010; Ganguly
et al.,, 2014). Given that these signals depend on interaction
with cytosolic kinases and phosphatases (Michniewicz et al.,
2007), it is to be expected that the respective amino acids
should be exposed to the cytosol. To experimentally ascertain
whether the long central region of PIN1 is indeed facing the
cytoplasm or, alternatively, cellular exterior, we used the PIN1-
GFP-3 line bearing the GFP insertion between amino acids 421
and 422, thus placing it well within the hydrophilic loop
(Wisniewska et al., 2006). We exploited the pH sensitivity of
fluorescent proteins (FPs) such as GFP or YFP (Kneen et al.,
1998; Llopis et al., 1998; Domingo et al., 2010; Pogorelko et al.,
2011) (see Supplemental Table 1). Thus, the fluorescence
changes caused by acid treatment can provide information
about the position of the FP relative to PM. We used the ionic
acid HCI (membrane non-permeable) and the amphipathic
propionic acid (membrane-permeable) to selectively acidify the
apoplast or both the apoplast and cytoplasm, respectively. As
a positive control for the intracellular acidification we used the
prevacuolar compartment and vacuole marker SYP22-YFP, in
which the YFP moiety is in the cell’s interior and faces the cyto-
plasm (Robert et al.,, 2008). After treating PIN1:GFP-3 or
SYP22-YFP for 30 min with HCI-titrated medium at pH 5.0, no
fluorescence decrease of the respective FPs was observed
(Figure 2A-2J). This suggests that both FPs were protected
against the acid treatment by the presence of the PM. In
contrast, when these lines were treated with medium buffered
to pH 5.0 with membrane-permeable propionic acid (Figure 2K-
2T), both PIN1-GFP-3 (Figure 2K-2M and 2Q) and SYP22-YFP
(Figure 2N-2P) showed a gradual decrease of fluorescence,
being very obvious over a 30-min treatment (Figure 2Q and 2R).
This suggests that both FPs reside in the cytosol (Figure 2S and
2T). In addition, we tested another transgenic line designated
PIN1-GFP-2 harboring the reporter inserted in the hydrophilic
loop at the 217 amino acid position (see Figure 1A and
Supplemental Figure 1A). This construct was also not affected
by medium buffered with membrane non-permeable acid
but was quenched by propionic acid-titrated medium
(Supplemental Figure 1B). As an additional control, we treated
analogically two transgenic lines expressing the YFP-AUX1
(N-terminally tagged with YFP) and AUX1-YFP-116 with the re-
porter moieties positioned in the cytoplasm, based on published
results (Swarup et al., 2004). For both lines, the treatment
with HCI-titrated medium (pH 5.0) did not quench the YFP while
the propionic acid-titrated acted similarly as in the case of the
PIN-GFP constructs (Supplemental Figure 1C and 1D). Next,
we verified that the differences between fluorescence-
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quenching properties of the propionic acid versus HCI result
from their different membrane permeabilities while their effect
on GFP reporter quenching is specifically a result of lowering
pH. We utilized a transgenic line expressing SKU5-GFP. As a gly-
cosylphosphatidylinositol-anchored protein it is attached to the
extracellular PM leaflet, so the fluorescent reporter is also facing
the cellular exterior (Sedbrook et al., 2002; Mayor and Riezman,
2004). Treating SKU5-GFP with HCl-acidified medium (pH 5.0)
for 30 min resulted in a decrease of its fluorescence in compari-
son with the control incubated in medium titrated to a standard
pH of 5.9 (Figure 3A and 3B). In this setup, the PIN1-GFP-3 line,
for which we determined the reporter location as cytoplasmic,
was not affected by the treatment (Figure 3C and 3D). In
addition, we performed analogical treatments on both marker
lines, subjecting them to alkalization with medium titrated to pH
8.0 with membrane non-permeable base KOH. The results re-
vealed an increased fluorescence of SKU5-GFP in comparison
with control medium (Figure 3E and 3F) while the PIN1-GFP-3
was not affected (Figure 3G and 3H). The results were further
supported by the quantitative analysis of acquired images,
revealing statistically significant differences for both
acidification and alkalization treatments (Figure 3I and 3J,
respectively). These observations support the adequacy of our
strategy and indicate that ionic, strong, fully dissociating acids
or bases do not permeate the PM but affect the fluorescence of
FPs in the apoplastic space (Figure 3K-3N). To confirm our
results, we performed western blots with membrane protein
fractions isolated from PIN1-GFP-3 and SKU5-GFP seedlings
subjected to acid treatments as above (Figures 2 and 3) using
an antibody against the GFP moiety. Neither for PIN1-GFP-3
nor SKU5-GFP did obvious degradation or protein level changes
seem to be induced by HCI or propionic acid treatments, sup-
porting the interpretation that the signal decrement was a result
of pH-dependent quenching rather than protein degradation
(Supplemental Figure 2).

Collectively those results show that the FP of PIN1-GFP-2 and
-GFP-3, and thus the adjacent hydrophilic loop sequence, is
positioned in the cytoplasm. These results thus allow us to
discard topology software predictions 1, 2, and 6 (Figure 1A),
which position the PIN1-HL (or the part of the loop fused to
GFPs—amino acid positions 217 and 421 for GFP-2 and
GFP-3, respectively) facing the apoplastic space.

The C-Terminal End of PIN1 Protein Faces the Apoplast

Among the remaining topological scenarios, a variation in the
number of TM domains and orientation of the C-terminus of
PIN1 is present (see Figure 1A, predictions 3, 4, and 5).
Therefore, we next focused on resolving the orientation of the
C-terminus  of PIN1 wusing the functional C-terminally
hemagglutinin (HA)-tagged PIN1 (PIN1-HA) (Wisniewska et al.,
2006). This construct allows simultaneous detection of the PIN1
hydrophilic loop using the anti-PIN1 polyclonal antibody
(Paciorek et al., 2005) as well as the HA epitope using the anti-
HA antibody. To be able to differentiate between extracellular
and intracellular epitopes, we modified the standard immunoloc-
alization protocol (Sauer et al., 2006) by excluding the lipid-
disrupting agents at all steps. In addition, we also included
glutaraldehyde (GA) in the fixation mixture to better preserve
the integrity of lipids and, thus, the PM (Hopwood, 1972;
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Figure 2. The Fluorescence of GFP Inside the Hydrophilic Loop of PIN1-GFP-3 Is Not Affected by Lowering the pH of the Extracellular
Environment.

(A-F) Exchange of the growth medium (pH 5.9) by medium acidified to pH 5.0 with the membrane non-permeable hydrochloric acid (HCI) does not change
the fluorescence intensity of PIN1-GFP-3 (A-C), or that of the vacuolar marker SYP22-YFP (D-F) in the root epidermis (e) and cortex (c). Scale
bars, 10 um.

(K-P) Exchange of the growth medium (pH 5.9) by medium acidified to pH 5.0 with the membrane-permeable propionic acid reduces the fluorescence of
both PIN1-GFP-3 (K-M) and the vacuolar SYP22-YFP (N-P). Fluorescence intensities are color coded. Scale bars, 10 pm.

(G, H, Q, and R) Quantification of the fluorescence intensity changes recorded for the respective reporter lines after 30 min of acid medium exchange;
30 min of mock treatment is plotted as 100%. Error bars represent SE for three biological repeats (approximately 40 cells measured/seedling, number of
seedlings imaged, n > 7 seedlings per biological repeat); ***P < 0.001.

(I, J, S, and T) Schemes illustrating the presumptive topological arrangements of PIN1-GFP-3 (I and S) and the known orientation of SYP22-YFP (J and T)
with the reporter moiety indicated in green. For simplicity the TM regions of PIN1 are indicated only as two domains separated by the hydrophilic loop.
See also Supplemental Table 1 and Supplemental Figure 1.
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Figure 3. Acidification and Alkalization Treatment with Membrane Non-permeable Agents Respectively Decreases and Increases
Fluorescence of Apoplastic GFP Moiety of SKU5-GFP.

(A-D) Exchange of the growth medium (pH 5.9) by medium acidified to pH 5.0 with membrane non-permeable hydrochloric acid (HCI) reduces the
fluorescence of the extracellularly positioned SKU5-GFP (B) while having no pronounced effect on the signal of PIN1-GFP-3 (D) in comparison with the
respective controls (A and C) in the root epidermis. Scale bars, 10 um.

(E-H) Exchange of the growth medium (pH 5.9) by medium alkalized to pH 8.0 with membrane non-permeable potassium hydroxide (KOH) elevates the
fluorescence of the extracellularly positioned SKU5-GFP (F) while having no significant effect on the signal of PIN1-GFP-3 (H) in comparison with the
respective controls (E and G). Fluorescence intensities are color coded. Scale calibration as for (A)—(D).

(Iand J) Quantification of fluorescence signal changes recorded for SKU5-GFP and PIN1-GFP-3 after treatment with medium buffered by HCI (I) or KOH
(J) to pH 5.0 or pH 8.0, respectively; control treatment is plotted as 100%. Error bars represent SE for three biological repeats (number of seedlings
imaged, n > 7 per each replicate); **P < 0.01, **P < 0.001.

(K-N) Cartoons indicating the orientation of fluorescent reporters in the case of SKU5-GFP (K and M) and PIN1-GFP-3 (L and N) where the GFP moieties
are facing the extracellular space or cytoplasm, respectively.

See also Supplemental Figure 2 and Supplemental Table 1.

Russell and Hopwood, 1976; Tanaka et al., 2010). When using the
standard protocol, with paraformaldehyde (PFA) tissue fixation
and utilization of detergents (Friml et al., 2003a; Sauer et al.,
2006), the anti-PIN1 labeled both the PIN1-HA expressed ectop-
ically in the epidermis and cortex and the endogenous PIN1 in the
central tissues of the root (red, Figure 4A, left panel). The anti-HA
labeled only PIN1-HA in the epidermis and cortex (green,
Figure 4A, right panel). In a similar experiment using

additional Golgi-specific anti-Sec21 antibody (Movafeghi et al.,
1999; Pimpl et al., 2000) we observed, besides the HA labeling
(Figure 4B right panel, green), also clear intracellular Golgi
labeling (visible in red, Figure 4B, left panel), confirming that in
this protocol the antibodies permeate the PM (Figure 4E). Next,
we used the same antibodies in an immunolocalization protocol
whereby PFA and GA fixation was utilized and detergents were
excluded to reduce membrane permeation to antibodies. For

1508 Molecular Plant 9, 1504-1519, November 2016 © The Author 2016.
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Figure 4. The C-Terminally Positioned HA Tag in PIN1-HA Is Stained Preferentially, Over the Hydrophilic Loop, in Membrane

Non-permeable Conditions, Indicating Its Extracellular Location.

(A-D) Double antibody staining of PIN1-HA using anti-HA in combination with anti-PIN1-HL (A and C), or with anti-Sec21 (B and D) in membrane-
permeable (A and B) and non-permeable (C and D) conditions; the labeled epitopes are expressed in epidermis (e), cortex (c), and vasculature (v) of

Arabidopsis seedling roots. Scale bar, 10 um.

(E and F) Interpretative cartoons indicating the orientation of hydrophilic loop and the C-terminal HA tag in PIN1 and the results of their dual immuno-

e

staining in membrane-permeable (E) versus non-permeable (F) conditions. The designations “in” and “out” refer to the intracellular and the extracellular
space, respectively. The dashed circle (F) represents absence of PIN1-HL labeling.

(G) Signal quantification of the HA, Sec21, and PIN1 loop labeling plotted as a comparison of membrane-permeable versus non-permeable im-
munolocalization conditions; immunolocalization in membrane-permeable conditions is plotted as 100%. Error bars represent SE for three biological

repeats (number of seedlings imaged, n > 5 per each replicate). *P < 0.05.

See also Supplemental Figure 3.

brevity, we refer to this protocol as “membrane non-permeable,”
whereas the standard protocols referred to as “membrane-
permeable”. When using the membrane non-permeable condi-
tions for immunolocalization, we observed a strongly decreased
labeling with anti-PIN1 (Figure 4C, left panel, red) while the HA
signals remained clearly visible (Figure 4C, right panel, green).
Similarly, the Golgi marker anti-Sec21 (visible in red, Figure 4D,
left panel) exhibited a markedly weaker labeling while the HA
signal persisted (Figure 4D, right panel, green). These
observations show that under these conditions membrane
integrity was sufficiently preserved, limiting the permeabilization
of antibodies to the cell interior (Figure 4F). The results were
supported by quantifications of signals corresponding to
PIN1-HL and Sec21 that were significantly more intense in the
membrane-permeable protocol (Figure 4G, striped bar)
compared with the non-permeable conditions (solid bars).
Notably, PIN1-HA labeling was even stronger in non-permeable
conditions, possibly resulting from higher anti-HA antibody avail-
ability when it did not penetrate to the cell interior, thus being
more available to target the extracellular epitopes (Figure 4G).

We performed additional experiments to verify whether removal
of detergents alone and PFA fixation is sufficient for membrane
non-permeability. Such a protocol resulted in pronounced
PIN1-HL, Sec21, and HA signals (Supplemental Figure 3A-3D),
indicating that membrane integrity was not sufficiently
preserved. However, in such conditions labeling of PIN1 and

Molecular Plant 9, 1504-1519, November 2016 © The Author 2016.

the Golgi marker was not as uniform throughout the root as in
standard conditions, indicating that some permeability
limitations occurred. Similarly, the protocol employing PFA
and GA fixation but with addition of detergents resulted
in decoration of all of the epitopes of interest, similar to a
standard permeable immunolocalization  protocol (see
Figure 4A and 4B).

To corroborate these observations, we performed analogical im-
munolocalizations on AUX1-YFP-116 and AUX1-HA transgenic
lines both harboring tags (YFP and HA) facing the intracellular
space (Swarup et al., 2001, 2004). Standard protocol (PFA,
detergents) used on the AUX1-YFP-116 transgenic line resulted
in labeling of YFP with anti-GFP antibody (red, Supplemental
Figure 3l) and with the signal of YFP itself remaining fluorescent
after fixation (green, Supplemental Figure 3J). Similarly anti-HA
(green, Supplemental Figure 3K) and anti-PIN1-HL (red,
Supplemental Figure 3L) signals were well visible in the
N-terminally tagged HA-AUXT line. In contrast, immunolocaliza-
tions in membrane non-permeable conditions (PFA, GA, no deter-
gents) resulted in visibly weaker labeling of intracellularly localized
epitopes targeted by anti-GFP, anti-HA, and anti-PIN1-HL anti-
bodies (Supplemental Figure 3M-3P). Similar results were
obtained with the PIN1-GFP-2 transgenic line, showing anti-
GFP antibody labeling only when using the membrane-permeable
protocol (Supplemental Figure 2R-2U) and thus confirming that
the middle loop is located intracellularly. These results indicate
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that both modifications, i.e., removal of detergents and utilization
of the GA as additional fixative, contribute to preferential labeling
of extracellular epitopes, likely due to greater preservation of PM
integrity. Collectively, these data confirm that the middle
hydrophilic loop is intracellular and reveal that the C-terminus of
PIN1 is facing the extracellular space.

A Protease Protection Assay Confirms the Apoplastic
Orientation of the PIN1 C-Terminus

To further verify our findings and expand the palette of techniques
that can be used to study the topology of proteins in plants, we
decided to test and adapt a version of the protease protection
assay (Lorenz et al., 2006) for plant material. We took
advantage of PIN1-HA-expressing seedlings, subjecting them
to immunolocalization in non-permeable conditions. This time,
however, we introduced a trypsin digestion step to the protocol
before applying antibodies to fixed seedlings. Subsequent
imaging revealed that the PIN1-HL signal was preserved
(Figure 5A, left panel, red) while the HA was distinctly weaker
(Figure 5A, right panel, green). The presence of the red signal
corresponding to the intracellular PIN1-HL was initially surprising,
as no detergents were included in the procedure. Possibly the
tryptic digests of protein complexes at the PM would result in
the formation of pores that are large enough for the antibodies
to pass through at the following stages of the protocol
(Figure 5B). In addition, we used the PIN1-GFP-3 line treated in
the same fashion, which resulted in preservation of the epitopes
localized on the hydrophilic loop (anti-PIN1-HL) as well as the
intra-loop GFP-3 moiety that was labeled with anti-GFP
(Figure 5C and 5D). We also tested the intracellular markers
SYP22-YFP (tonoplast) and Sec21 (Golgi), which consistently
were protected from trypsin, but labeled respectively by anti-
GFP and anti-Sec21 (Supplemental Figure 4A-4D), indicating
that the trypsin treatment enables antibodies to permeate to
the intracellular space at subsequent stages of the
immunocytochemistry protocol. Utilization of an analogical
setup but in membrane-permeable conditions (PFA fixation and
detergents) resulted in disappearance of the characteristic
polar signal of anti-PIN1-HL as well as of anti-HA, indicating
digestion of both epitopes (Figure 5E and 5F). A similar result
was observed for the PIN1-GFP-3 using anti-GFP (Figure 5G
and 5H). Congruently, in those conditions the epitopes within
intracellular markers SYP22-YFP and Sec21 targeted respec-
tively by anti-GFP and anti-Sec21 antibodies were also destroyed
by trypsin digestion, resulting in a lower and more diffuse signal
(Supplemental Figure 4E-4H).

When analogical experiments were performed either with PFA
and GA fixation but including detergents or PFA fixation alone,
tryptic digests of all epitopes of interest were observed
(Figure 51-5P). These results supported the notion that use of
GA as fixative with simultaneous omission of detergents
contributes to preferential digestion of extracellular epitopes
and protection of those positioned in the cytoplasm, making
it inaccessible to trypsin. In addition, the thorough digestion of
proteins across the root tissues (Figure 51-5L) illustrates that
the activity of trypsin was not diminished by residual fixative
(GA or PFA) that has been thus successfully removed and
inactivated during tissue post-fixation steps (see Methods).
Also, under our conditions, the proteins are not excessively
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crosslinked to be rendered indigestible (Bliss and Novy, 1899;
Webster et al., 2009). Altogether, these results give credence to
the proposal that in our protocols the particular results
observed are due to effects on membrane permeability rather
than masking of epitopes. With those two approaches, i.e.,
membrane-permeable versus non-permeable immunolocaliza-
tion and application of trypsin in this setup, we provide strong ev-
idence for the extracellular position of the C-terminus of PIN1 and
intracellular location of its hydrophilic loop (also revealed by the
pH manipulation). This allows us to discard prediction number 3
that indicates the cytoplasmic position of the C-terminus
(Figure 1A) and to further narrow the possible topologies of PIN1.

The GFP-1 Reporter Fusion in PIN1 Exhibits Features of
Both Intra- and Extracellular Location

To further refine our understanding of PIN1 topology, we investi-
gated PIN1-GFP-1 (Benkova et al., 2003), which has the GFP
inserted in the area where different predictions disagree about
the possible end of the hydrophilic loop (GFP positioned
between amino acids 453 and 454; see Figure 1A). We
subjected this line to a standard immunolocalization, labeling
the GFP with anti-GFP antibody (Figure 6A, red) while also
directly visualizing the native GFP fluorescence (Figure 6B,
green). An analogical but membrane non-permeable protocol
resulted in the absence of the anti-GFP signal while retaining
GFP fluorescence (Figure 6C and 6D). As described earlier, a
membrane-permeable immunolocalization preceded by trypsin
treatment resulted in disappearance of the characteristic polar,
PM PIN1 localization with both red and green signals becoming
more diffuse, consistent with a proteolytic cleavage (Figure 6E
and 6F). When trypsin was used in a membrane non-permeable
protocol, PIN1-GFP was not visibly affected (Figure 6G and
6H). In addition, we subjected the line to acidification and
alkalization treatments as described above (see Figure 3).
These revealed a noticeable decrease of fluorescence after
30 min of incubation with HCI-titrated medium at pH 5.0
(Supplemental Figure 5A and 5B), suggesting extracellular GFP
localization. However, the alkalization treatment with KOH-
titrated medium at pH 8.0 did not visibly affect the signal of
PIN1-GFP-1  (Supplemental  Figure 5C), hinting again
toward intracellular localization. This is in direct contrast to the
acidification results using PIN1-GFP-2 or PIN2-GFP-3. However,
these PIN1-GFP constructs are expressed in a tissue context
(epidermis, cortex) different from that of PIN1-GFP-1 (stele,
endodermis). Therefore, we tested analogically the PIN1::PIN1-
YFP line that has reporter fusion with a comparable pH sensitivity
(see Supplemental Table 1), exactly at the same position as the
intracellularly located PIN1-GFP-2 (amino acid 217). Consistently
in our results using PIN2::PIN1-GFP-2 (Supplemental Figure 1B),
no pronounced fluorescence intensity differences of the YFP after
both acidification and alkalization treatment could be observed
(Supplemental Figure 5D-5F). Quantification of PIN1-GFP-1
confocal images confirmed a statistically highly significant
quenching of GFP-1 signal after acidification but not after alkali-
zation (Supplemental Figure 5G), whereas the PIN1::PIN1-YFP
line expectedly did not show any statistically significant signal
changes after either treatment (Supplemental Figure 5H).

In summary, all our methods, while working for other epitopes
and GFP positions, show somewhat ambivalent results
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Figure 5. Limited Membrane Permeability Prevents Tryptic Digestion of Intracellular Epitopes of PIN1-HA and PIN1-GFP-3.

(A, C, E, and G) Antibody staining of PIN1-HA (A and E) and PIN1-GFP-3 (C and G) after tryptic digest in membrane non-permeable (A and C) versus
membrane-permeable (E and G) conditions. Scale bar, 10 um.

(B, D, F, and H) Interpretative cartoons depicting the presumptive orientations of epitopes in PIN1 hydrophilic loop (PIN1-HL; red) and the C-terminal HA
tag (green) in PIN1-HA (B and D) as well as the internal GFP in PIN1-GFP-3 (F and H). Arrows indicate the accessibility of respective epitopes to anti-PIN1-
HL (red), anti-HA (green) and anti-GFP (green) antibodies. Shaded areas reflect destruction of the epitopes after tryptic digest in membrane
non-permeable (B and D) versus permeable (F and H) conditions. The designations “in” and “out” refer to the intracellular and the extracellular space,
respectively.

(legend continued on next page)
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specifically for the GFP-1 position, exhibiting some features of
both intra- and extracellular locations. This suggests that the
GFP might be in a position where it interferes with PIN1 func-
tioning. However, PIN1-GFP-1 fully complemented the charac-
teristic inflorescence phenotype in the sterile pin7-201 null allele,
and did not induce other floral aberrations when expressed in wild
type Col-0 (Supplemental Figure 6A and 6B). This suggests that
the GFP-1 insertion does not greatly impair PIN1-GFP-1 function
and that this transgenic line can be used in topology studies.

Topological Modeling Supported by Empirical Data
Hints at 10-TM Domain Topology of PIN1

Armed now with a wealth of empirical data on topological posi-
tions of different parts of the PIN1 protein, we utilized TOPCONS,
a software suite that generates a consensus topology for a target
protein and allows input of empirical data to enhance the predic-
tions, while also plotting the calculated prediction reliability for
particular protein regions (Bernsel et al., 2009). TOPCONS
processing of a PIN1 sequence without any empirical
constraints produced a 10-TM domain protein model (see
horizontal lines in Figure 61 at bottom of the graph) based on
the agreement level of several underlying topology predictors.
The prediction reliability was reasonably high for the first bundle
of helices (TM domains 1-5); however, the prediction was
unreliable for the second group (TM domains 6-10; see
Figure 6l, black line plot). Subsequently, we added the
constraints derived from our empirical data. We designated the
topological arrangement of PIN1 amino acids in insertion
regions of GFP-2 and GFP-3 as intracellular and the position of
PIN1 C-terminus as extracellular. However, the position of the
GFP-1 was conceptually more challenging to classify. The immu-
nolocalization and trypsin digestion data indicated an intracellular
position of the GFP-1 (Figure 6A-6H) while the acidification
experiments showed quenching of that reporter by non-
permeable acid, indicating its extracellular localization
(Supplemental Figure 5A-5C and 5G). The unrestrained
TOPCONS model indicated the GFP-1 as inside but in fact
touching the membrane just before the beginning of the sixth «.
helix with one amino acid slack from the bilayer. Regarding also
the experimental ambiguities, we assumed the GFP-1 position
as dipped in the membrane from the inside. The resulting
10-TM model showed a location change for two predicted helices
(see horizontal red lines in Figure 6l at the bottom of the graph).
The prediction reliability for the bundle of helices proximal to
the C-terminus of the protein (TM domains 6-10) was increased
overall (see Figure 6l, red plot). Notably, we observed higher
reliability only with GFP-1 position indicated as membrane, while
designating it as fully out or in yielded lower reliability (data not
shown). Gathering all the evidence, we can conclude that PIN1
is a polytopic protein that is most likely composed of 10 TM do-
mains with an intracellular central loop and extracellular termini.

Membrane Topology of PINs

Plasma Membrane-Localized PINs Likely Share a
Similar Topology

Taking advantage of the available Arabidopsis transgenic lines
expressing tagged versions of PM-localized PINs, we subjected
the C-terminally HA-tagged PINs 2, 3, and 4 (Wisniewska et al.,
2006) to the membrane-permeable and non-permeable immuno-
localization protocols described above. The HA was labeled both
in membrane-permeable and non-permeable conditions while
the HL of PIN2, targeted by the anti-PIN2(HL) antibody, as well
as the intracellular marker Sec21, were visibly less labeled
when membrane permeability was limited (Figure 7A-7F). This
suggests that PIN2, PIN3, and PIN4 also have intracellularly
positioned hydrophilic loops and extracellular C-termini. We
also tested intragenically GFP-tagged PIN2, PIN3, and PIN7 pro-
teins. The fluorescent reporters in PIN2-GFP (Xu and Scheres,
2005) and PIN3-GFP (Zadnikova et al., 2010) are inserted inside
the hydrophilic loop in locations topologically proximal to tested
PIN1-GFP-3 that was determined as intracellular. The GFP in
PIN7-GFP (Blilou et al., 2005) is located similarly as in PIN1-
GFP-1 at the very end of the hydrophilic loop (for GFP positions,
see Figure 7M). In all of these cases, the anti-GFP immunolocal-
ization revealed a visibly less pronounced immunolabeling in
membrane non-permeable conditions (Figure 7G-7L). The
results are entirely congruent with those obtained for PIN1. In
summary, the results suggest a similar 10-TM domain topology
for all Arabidopsis PM-localized PINs. This is likely a result of a
high degree of sequence conservation in the helical regions
among the subclade of the so-called long PIN proteins
(Supplemental Figure 7).

DISCUSSION

Methods for Topology Determination of Plant PM
Proteins: Expanding the Toolkit

The toolkit for topology studies in plant cells is still relatively
limited and mostly based on FPs (Ohad et al., 2007; Brach
et al., 2009; Osterrieder et al., 2009; Sparkes et al., 2010). For
topology mapping of PM-localized PINs, we elaborated on the
FP pH sensitivity principle previously used, for example, in
AUX1 IAA~/H* symporter topology study (Swarup et al., 2004).
The fluorescence of FPs decreases in line with lowering pH,
thus allowing deduction of their position relative to the PM. This
method is straightforward, as it can be performed on available
reporter lines originally generated for other purposes such as
cell biology investigations. We have demonstrated that the
usually low fluorescence of the extracellularly positioned
reporter, SKU5-GFP (Gjetting et al., 2012), can be made
brighter by elevating the pH of the extracellular environment. In
contrast, changing the extracellular pH did not affect the
fluorescence intensity of intracellular FPs, e.g., the tonoplast
marker SYP22-YFP. Thus, we validated the use of this acid

(I, K, M, and O) Antibody staining of Arabidopsis PIN1-HA (I and M) and PIN1-GFP-3 (K and O) fixed with paraformaldehyde (PFA) and glutaraldehyde
(GA) mixture but permeabilized with detergents prior to tryptic digest (I and K) and analogically treated samples fixed only with PFA without detergents

used (M and O). Scale bar, 10 um.

(J, L, N, and P) Interpretative cartoons depicting the presumptive orientations of epitopes in PIN1 hydrophilic loop (PIN1-HL; red) and the C-terminal HA
tag (green) in PIN1-HA transgenic line (J and N) as well as the internal GFP in PIN1-GFP-3 transgenic line (L and P). Arrows indicate the accessibility of
respective epitopes to anti-PIN1-HL (red), anti-HA (green), and anti-GFP (green) antibodies. Shaded areas reflect destruction of the epitopes due to

tryptic digest.
See also Supplemental Figure 4.
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Figure 6. Immunolocalization Protocols Indicate Intracellular Position of the Reporter Moiety in PIN1-GFP-1.

(A and B) Immunolocalization protocol, performed on PIN1-GFP-1-expressing roots, in membrane-permeable conditions results in labeling of the GFP
with anti-GFP antibody (red; A) while the fluorescent signal of GFP alone is also visible (green; B).

(C and D) PIN1-GFP-1 immunolabeling in membrane non-permeable conditions results in absence of anti-GFP labeling (red signal not visible; C) while the
native fluorescent signal of GFP remains visible (green; D).

(E and F) Antibody staining after tryptic digest in membrane-permeable conditions results in disappearance of the polar PM signal of immunolabeled
anti-GFP (red; E) as well as green fluorescence of the reporter alone (green; F) due to proteolytic degradation.

(G and H) Analogical antibody staining after tryptic digest in membrane non-permeable conditions results in partial GFP-1 immunolabeling (red; G) with
the green fluorescence of the reporter (green; H) intact. Scale bar in (A) represents 10 um (applies to A-H).

(I) Plot of topology prediction reliability in two variants: the black line indicates the reliability of de novo topology prediction without constraints. The red
plotindicates the topology prediction reliability when constraints derived from our empirical data are imposed: the GFP insertions 2 and 3 are positioned in
the cytoplasm while the GFP-3 is indicated as positioned in the membrane; the C terminus is out. Depicted on the bottom is the topology prediction of
PIN1 TM domains (depicted as lines) and the position of GFP insertions (green arrowheads) in the PIN1-GFP.

See also Supplemental Figures 5 and 6.

sensitivity assay for topology mapping of extracellularly versus fusions with a bulky GFP ever yielded a significant fluorescence,
intracellularly positioned FPs. a difficulty also encountered during AUX1 C-terminal tagging

attempts for topology determination (Swarup et al., 2004).
Unfortunately, GFP tagging of the PIN1 N- or C-terminus for However, it was possible to C-terminally tag PIN1 with a
topology studies was not possible because none of the terminal smaller epitope, such as HA, that did not interfere with PIN1
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functionality (Wisniewska et al., 2006). Therefore, we developed a
modified immunolabeling procedure to selectively detect
extracellular epitopes. The key to this procedure was to limit
PM permeability during fixation by supplementing the standard
fixative with GA. This potent protein crosslinker, more reactive
than PFA (Sabatini et al., 1963; Migneault et al., 2004), is also
able to react with some phospholipids (Hopwood, 1972; Russell
and Hopwood, 1976; Tanaka et al., 2010). Therefore, the limited
PM permeability impedes the penetration of antibodies to the
cell’s interior, resulting in preferential labeling of extracellularly
exposed epitopes. Using the modified tissue fixation protocol,
we further corroborated the extracellular position of the
C-terminal HA tag in PIN1-HA via a protease protection assay
(Lorenz et al., 2006) that we adapted for use in a plant whole-
mount immunolocalization protocol.

Thus, we successfully adapted several methods that allowed us
to probe in planta the extra- and intracellular positions of different
parts of PM proteins. Such experimental output, in combination
with publicly available online topology predictions software, con-
stitutes a powerful pipeline for rapid topology determination of
PM proteins in plants.

Topology Modeling: Shaping the Questions and Guiding
the Experimental Efforts

In this study, we investigated multiple bioinformatics predictions
to obtain an overall view of possible PIN1 topologies. Consensus
(Nilsson et al., 2000) and so-called partial consensus topologies
approaches (Nilsson et al., 2002) have been used to reconcile
multiple possible topologies, a strategy intended to minimize
experimental efforts, focusing them specifically on the protein
parts with the poorest consistency among the predicted
topologies. Further software developments in the field
implemented the use of limited experimental data to markedly
improve the reliability of topology models (Drew et al., 2002;
Kim et al., 2003; Rapp et al., 2004; Daley et al., 2005). In the
case of PIN proteins, models agree strongly about the
N-terminal bundle of TM domains, also somewhat
complementing the need for experimental efforts that would
have to be otherwise devoted to this region which, due to the
past multiple unsuccessful N-terminal tagging attempts of
PIN1, would be technically demanding. Thus, we focused our
experimental efforts on defining the position of the central
hydrophilic loop and the C-terminal group of helices. To take

Molecular Plant

the optimal advantage from the approaches delineated above
we used the TOPCONS software suite (Bernsel et al., 2009),
which is capable of generating consensus predictions that can
be enhanced by experimental constraints. Feeding PIN1
topology empirical data into TOPCONS produced an increased
prediction certainty for the second o-helical bundle. The
prediction for N-terminal helices and the cytoplasmic
hydrophilic loop remained highly certain, plotting a final 10-TM
domain topology for PIN1 with the proteins’ termini facing the
apoplastic space. TOPCONS also indicated that the GFP in
PIN1-GFP-1 is dipped in the membrane from the cytoplasmic
side, suggesting that the unexpected HCI sensitivity of this re-
porter is a result of this somewhat unusual topological arrange-
ment. It is also interesting to speculate whether the topology of
PIN1 is entirely stable in the region of GFP-1 insertion and
whether the reporter does not slip in and out of the membrane,
therefore exhibiting its acid sensitivity. Indeed, the topology pre-
diction programs indicate more variability in that particular region
of PIN1 (Figure 1A). There are reports of proteins with an
undefined, alternating topology (Bowie, 2006; Rapp et al,
2006). Similarly, the arrangement of TM domains in the lipid
bilayer can be more complicated, including longer TM domains
crossing the PM at an angle. In addition, so-called disrupted
helices have been reported. These exhibit a break in a-helical
structure continuity in the middle of the membrane (Elofsson
and von Heijne, 2007). On the other hand, the GFP-1 insertion
does not abolish PIN1 functionality, as we have shown
(Supplemental  Figure 6), indicating that the protein
structure likely is not severely altered with the overall native
topology preserved.

However, fully resolving those questions encourages and
requires more detailed structural studies in the future.

Evolutionarily Conserved Topology of PM-Localized PIN
Proteins

Arabidopsis PINs can be divided in the PM-localized long
(harboring the long HL) PINs (PIN1-4 and 7) and the short ER-
localized ones (PIN5, 8) as well as PING, which has an HL of inter-
mediate length (Viaene et al., 2013). In general the TM domains of
the long PINs are much more conserved than the HL (Krecek
et al., 2009). Interestingly, a large-scale sequence alignment
of multiple PIN HL sequences from land plants reveals some
HL conserved regions, many of which contain known

Figure 7. The C Terminus Is Oriented Extracellularly in Other PM PINs.

(A-C) Antibody staining of PIN2-4-HA in membrane-permeable conditions results in a pronounced labeling (red) of the hydrophilic loop of PIN2 (PIN2-HL;
A) and the cytoplasm-located Sec21 (B and C) as well as the C-terminally positioned HA tag (green); labeled epitopes are expressed in the epidermis (e),
cortex (c), and vasculature (v) of root. Scale bars, 10 um.

(D-F) Immunolocalization in membrane non-permeable conditions results in pronounced HA signal (green right-hand panels) and a markedly weaker
labeling of the intracellular marker Sec21 (red; E and F) as well as a weaker labeling of the hydrophilic loop (red; D) indicating its intracellular localization.
Scale bars, 10 um.

(G-I) Antibody staining of PIN2, PIN3 and PIN7 transgenic lines in membrane-permeable conditions results in a pronounced anti-GFP labeling (red) while
the fluorescence of GFP itself remains visible (green) in the epidermis (), cortex (c), and vasculature (v) of root. Scale bar in (G) represents 10 um
(applies to G-L)

(J-L) Immunolocalization in membrane non-permeable conditions results in absence of the red signal corresponding to GFP antibody labeling (right-hand
panels) while the green fluorescent signal of GFP itself remains visible.

(M) Schematic topology representation of PM-localized PIN1-4 and PIN7 modeled with empirical constraints. The TM domains are depicted as rect-
angles. All predictions indicate consistently a large hydrophilic region between the TM domain bundles. The positions of GFP insertions are indicated with
green arrowheads. Note that the position of YFP in PIN1::PIN1-YFP is the same as the GFP-2 position indicated above.

See also Supplemental Figure 7.
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phosphorylation sites (Bennett et al.,, 2014) regulating PIN
function (Ganguly et al., 2012). These motifs have to be
accessible to cytoplasmic enzymes that modify the
phosphorylation status (Michniewicz et al., 2007; Zhang et al.,
2010; Barbosa et al.,, 2014; Zourelidou et al., 2014) and
conformation (Xi et al., 2016) of the HL, supporting its
intracellular localization also in congruence with our findings for
Arabidopsis PM PINs. This also illustrates the adequacy of
choosing the HL as the first protein region to be topologically
mapped, as its likely intracellular orientation was a good
validation of our experimental methods.

As mentioned above, the TM domains of PM-localized Arabidop-
sis PINs exhibit a high degree of sequence conservation, so a
similar 10-TM domain topology among PINs is likely and sup-
ported by our empirical data for PINs 1-4 and PIN7. Moreover,
the TM domains of canonical PINs seem to be conserved among
land plants in general (Viaene et al., 2013; Bennett et al., 2014),
hinting at their common topology. In addition, published
alignments of multiple long PIN sequences indicate that the
minor loops connecting the helices also harbor some highly
conserved residues, hinting at their regulatory role (Bennett
et al., 2014). This might explain the differences in the ability to
become organized in polar domains between the endogenous
PIN2 and the chimeric version of PIN5 (natively a short type
PIN) containing the loop of PIN2 (PIN5:PIN2-HL) that can reach
the PM (Ganguly et al., 2014). While the transfer of HL was
sufficient to mediate trafficking to the PM, it could not achieve
the characteristic polar localization and apoplast attachment
seen for PIN2. This suggests that polarity and cell wall
attachment are not only defined by features encoded in the HL
of the long PINs, but also involve TM domains and their minor
loops (see also Feraru et al., 2011). Therefore, the empirically
verified and enhanced topological model should be instructive
in elucidating the structure—function relationships of distinct PIN
protein regions, constituting a road map for further structural
investigations.

METHODS

Growth Conditions

Seedlings for acid treatments and immunocytochemistry were grown
vertically in Petri dishes on 0.8% agar 0.5x MS medium containing 1%
sucrose (pH 5.7) at 18°C and under long-day photoperiod.

Plant Material

PIN2::PIN1-GFP2, PIN2::PIN1-GFP3, PIN2::PIN1-HA, PIN2::PIN3-HA,
PIN2::PIN4-HA (Wisniewska et al., 2006); AUX1::AUX1-YFP N-terminal,
AUX1:AUX1-YFP 116 (Swarup et al., 2004); AUX1-HA (Swarup et al.,
2001, p.2001); SKU5::SKU5-GFP (Sedbrook et al., 2002); PIN2::PIN2-
HA (Vieten et al., 2005); PIN3:PIN3-GFP (Zadnikova et al., 2010);
PIN1::PIN1-GFP-1 (Benkova et al., 2003); PIN1::PIN1-YFP, PIN2:
PIN2:GFP (Xu et al., 2006); PIN7::PIN7-GFP (Blilou et al., 2005);
SYP22::SYP22-YFP (Robert et al., 2008); pin1-201/+ SALK_047613 line
(Alonso et al., 2003; Furutani et al., 2004) was genotyped using primer
information deposited in the SALK database (http://signal.salk.edu/
tdnaprimers.2.html); pin1-207 x PIN1-GFP-1 was made by genetic
crosses and genotyped to obtain a homozygous line for both insertions.

Acid Treatments

For acid and base incubations, 5-day-old-seedlings were used; for mem-
brane non-permeable acid-quenching experiments, MS liquid medium

Membrane Topology of PINs

(pH 5.0) was titrated with HCI; for the membrane-permeable acid-quench-
ing experiments, MS medium buffered to pH 5.0 containing 20 mM propi-
onic acid was used; for membrane non-permeable base treatments, MS
liquid medium (pH 8.0) titrated with KOH was used.

Tissue Fixation

For membrane-permeable immunocytochemistry protocols, Arabidopsis
seedlings were fixed in 4% paraformaldehyde dissolved in PBS buffer.
For membrane non-permeable immunocytochemistry protocols, a
mixture of 4% paraformaldehyde and 0.025% GA dissolved in PBS buffer
(pH 7.4) was used. Glutaraldehyde 25% stock was always added freshly
to a pre-prepared 4% paraformaldehyde solution. In both protocols tis-
sues were fixed for 45 min under vacuum. After fixation the residual
non-reacted GA was inactivated by incubation of seedlings for 1 hin a
freshly made 0.1% solution of sodium borohydride (NaBH,) dissolved in
PBS (pH 7.4). Seedlings were then washed three times with 1 ml of PBS
and subjected to the immunocytochemistry protocol.

Immunocytochemistry

Whole-mount in situ immunocytochemical protein localization in mem-
brane-permeable conditions was performed as previously published
(Sauer et al., 2006). For the immunocytochemical protein localization in
membrane non-permeable conditions the same procedure as published
previously was used (Sauer et al., 2006) except that all detergents and
DMSO were removed from the protocol. For HA-tag detection, anti-HA
raised in mouse antibody (Abcam) was used (1:600) labeled with a
secondary antibody (Alexa Fluor 488, dilution 1:600). For labeling of
PIN1 hydrophilic loop, a specific rabbit antibody raised against this protein
part was used (Friml et al., 2003b) in 1:900 dilution and subsequently
labeled with CY3 secondary antibody (1:600; Sigma-Aldrich). For labeling
of GFP, an anti-GFP (1:600; Sigma) antibody raised in mouse was used.
For labeling of the Sec21 Golgi-localized marker, a specific anti-Sec21
antibody (Movafeghi et al., 1999) raised in rabbit diluted 1:800 was used
and subsequently labeled with CY3 secondary antibody (1:600; Sigma-
Aldrich). Immunocytochemistry was performed using the InsituPro VSi
system manufactured by INTAVIS Bioanalytical Instruments.

Confocal Image Acquisition and Fluorescent Signal Analysis

Due to signal intensity differences between fluorescent reporters, the
confocal microscope settings was varied accordingly to satisfy optimal
dynamic range for intensity measurement and facilitate the acquisition
of quality pictures. To enable accurate quantification of signal changes,
we match a particular sample with its untreated controlimaged in one ses-
sion during which the same confocal settings are held for the sample and
control. The signals are then represented as percentages, allowing for
comparison of different fluorescent reporters and biological repeats.
Signal intensities were measured using Fiji software (https://fiji.sc).

Images were collected using Leica SP2 or Carl Zeiss 780 and 700 confocal
microscopes. Figures were processed and assembled in Photoshop and
InDesign CS5 (Adobe Systems).

Western Blot

For western blot experiments after acid treatment, the membrane protein
fraction containing PIN1-GFP-3 protein loaded on gel was obtained from
25 mg of starting material (5-day-old seedlings); for SKU5-GFP, 13 mg
was used. Membrane protein fractions were isolated using the previously
published protocol (Abas et al., 2006).
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