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Abstract

Asymmetrically localized PIN—-FORMED (PIN) auxin efflux
carriers play an important role in regulating directional
intercellular auxin movement and thus generating local auxin
gradients. The polar localization of PINs is tightly controlled by
phosphorylation in the central hydrophilic loop (HL) of PINs. The
importance of M3 phosphorylation site, which locates in
evolutionarily conserved RKSNASRRSF (/L) and TPRPSNL motifs
of the HL, has been reported for PIN3. Here, we analyzed the
conserved role of the M3 phosphorylation site of PIN1 and PIN7.
Phosphorylation—defective mutations of five phosphorylatable
residues (Ser/Thr to Ala or Gly) in the M3 site of PIN1—-HL
changed its subcellular polarity and caused defects in PIN1-—
mediated biological functions such as floral organ formation, root
growth and leaf phyllotaxy. The M3 phosphorylation—defective

mutants of PIN7 impaired its proper subcellular trafficking in root



columella cells, which then disrupted normal root gravitropism.

Our data indicate that the M3 phosphorylation site is functionally

conserved among long PINs and plays important roles for their

subcellular trafficking, auxin distribution, and auxin—mediated

developmental processes.

Keywords: Auxin, Auxin transport, Hydrophilic loop (of PINs),
Phosphorylation, PIN-=FORMED (PIN), Protein trafficking
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1. Introduction

The plant hormone auxin is implicated in diverse processes in plant
growth and development. Differential distribution of auxin within
plant tissues 1is essential for auxin—mediated developmental
processes (Grunewald and Friml, 2010; Ganguly et al.,, 2012b).
Local auxin gradients are mostly mediated by auxin transporter
proteins, of which PIN=FORMED (PIN) auxin efflux carriers are
the key regulators as their asymmetrical localization at the plasma
membrane (PM) (Wisniewska et al., 2006). The directional
intercellular transport of auxin subsequently results in many
aspects of auxin—related development, involving embryonic axis
formation, organ formation, tissue patterning, and tropic growth

(Grunewald and Friml, 2010).



The Arabidopsis genome encodes eight PIN proteins that can

be classified into two subgroups by their size of central hydrophilic

loop (HL) domains. PIN1 to PIN4, PIN6, and PIN7 have a long HL

(298—-377 residues; long PINs), whereas PIN5 and PIN8 have a

relatively short HL (27—46 residues; short PINs) (Kiec¢ek et al.,

2009; Ganguly et al., 2012b). While short PINs localize to either

internal compartments or PM depending on PIN and cell type, long

PINs predominantly localize to the PM (Ganguly et al., 2010; 2014).

Conversely, distinct subcellular polarity caused by

asymmetrical localization of long PINs in PM determines the

direction of cell—to—cell auxin transport (Wisniewska et al., 2006;

Grunewald and Friml, 2010). In response to developmental and

environmental cues, the subcellular PIN polarity can be changed

dynamically (Friml et al., 2002b; Friml et al., 2003; Benkova et al.,

2003).



PIN proteins show different subcellular localization

depending on the cell type and the PIN proteins (Wisniewska et al.,

2006; Ganguly et al.,, 2014). PIN1, —3, —4, and —7 are typically

localize at the basal plasma membrane toward the root tip iIn

Arabidopsis root (Friml et al., 2002a, 2002b; Blilou et al., 2005). In

contrast, PIN2 protein localizes apically (towards the shoot) in root

epidermal, elongating cortex and lateral root cap cells and basally

(towards the root) in young cortex cells (Muller et al., 1998). In

root columella cells where PIN3 and PIN7 are expressed, PIN3 and

PIN7 proteins show flexible PIN polarity changes in response to

gravity stimulation (Friml et al., 2002b; Kleine—Vehn et al., 2010).

Although the direct role of transmembrane of PINs has not been

reported, there are several molecular cues in the hydrophilic loop of

long PINs in regulation of intracellular trafficking of PIN proteins

(Ganguly et al., 2013).



In PIN trafficking and polarity, PIN phosphorylation and

dephosphorylation play a decisive role (Ganguly et al., 2012b). AGC

kinase family from Arabidopsis thaliana has been reported to play

an important role in phosphorylation of PIN efflux carriers and of

ABC transporters and subsequently the auxin transport—dependent

growth (Zhang and McCormick, 2008; Ganguly et al., 2012b;

Barbosa and Schwechheimer, 2014). Among the AGCVIII kinases,

Serine/Threonine (S/T)  kinase PINOID (PID) and protein

phosphatase 2A (PP2A) have been implicated to regulate PIN polar

targeting and consequently result in plant growth and development

(Bennett et al., 1995., Friml et al., 2004, Michniewicz et al., 2007,

Lee and Cho, 2006). Importantly, the antagonistic action of PID and

PP2A directly targets to the hydrophilic loop of PINs (PIN—HL) and

regulate the subcellular polarity of PIN proteins (Friml et al., 2004,

Michniewicz et al., 2007). The PIN—specific and cell type—specific

localization of PIN proteins can be caused by different expression



levels of PID and PPZ2A in the cell type and diverse phosphorylation

sites of each PINs (Kleine—Vehn and Friml, 2008). As a

consequence, PIN—HL phosphorylation by PID or related kinase

modulate subcellular polarity and biological function (Huang et al.,

2010; Dhonukshe et al., 2010; Zhang et al., 2010, Ganguly et al.,

2012a).

The evolutionary conserved TPRXS(N/S) motifs within the

PIN—HL have been studied that the Serine residue in this motif is

phosphorylated by PINOID (PID) kinase (Huang et al., 2010;

Dhonukshe et al., 2010). Single or multiple mutation of these three

TPRXS(N/S) motifs (S1, S2, S3) in PIN1-HL showed PIN1-

mediated defect in subcellular localization and its biological

functions (Huang et al., 2010). Recent study also showed that two

phosphosites (S4, S5) are conserved in PIN1 (S4 only), PIN3, PIN4

and PIN7 which is activated by D6PK (Zourelidou et al., 2014).



Also, The M3 phosphorylation—defective mutation which

includes serine/threonine double mutant (to Alanine) of the first

TPRXS(N/S) motif (2m3; T222A-S226G) with triple mutant of

RKSNASRRSF (/L) (3m1; S209A— S212A—-S215G) was reported

that this M3 site play an important role in PIN polarity and related

biological function (Ganguly et al., 2012a; Sasayama et al., 2013).

Phosphorylation—defective mutation of M3 site (M3PIN3) under

root hair cell specific EXPANSIN A7 promoter (Cho and Cosgrove,

2002; Kim et al., 2006; Lin et al., 2011) and its own promoter

(proPIN3) showed clear defect in normal PIN3 polarization and

PIN3 mediated auxin distribution (Ganguly et al., 2012a).

Accordingly, in planta and in vitro phosphorylation analysis proved

that the phosphorylation level of M3PIN3 compared to wild—type

was lowered by PID kinase (Ganguly et al., 2012a). Because the M3

phosphorylation site are well conserved among the all long PINs,

the M3 phosphorylation sites of PIN1, —2 and —7 have been studied



under the E7 promoter (Sasayama et al.,, 2013). Under root hair

cell specific E7 promoter, the PM targeting of the PIN1 and —7 was

impaired in M3 phosphorylation—defective mutants in the

Arabidopsis root hair cell and the cellular level of PIN2Z2 was

extremely decreased in M3 mutants (Sasayama et al., 2013).

Among the 6 putative phosphorylation site (M1—M6PIN3) in

PIN3—HL, the M3PIN3 mutant revealed distinct defect in

subcellular localization and biological function (Ganguly et al.,

2012a). Also, our previous study showed the functional

conservation of M3 motif in Arabidopsis root hair cells (Sasayama

et al.,, 2013). In this study, we generate M3 and 3ml (triple

mutations for S209A -S212A—-S215G) mutation lines of PIN1 and

—7 under its own promoter (proPIN1 and proPIN7) to study the

native role of M3 phosphorylation site in their own expression

domain. We demonstrate the functional conservation of M3

phosphorylation among the all PINs and confirm its importance in

7
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2. Materials and Methods

2.1 Plant Materials and Growth Conditions

Arabidopsis thaliana (Columbia ecotype) was used as the wild—type
plant in this study. Arabidopsis plants were transformed using
Agrobacterium tumefaciens strain C58C1 (pMP90) (Bechtold and
Pelletier, 1998). All seeds were cold treated (4° C) for 3 days and
germinated at 22° C under 16—h-—light/8—h—dark photoperiod. All
the seeds were grown on agarose plates containing 4.3 g/L
Murashige and Skoog (MS) nutrient mix (Sigma—Aldrich), 1%
sucrose, 0.5 g/ MES (pH 5.7), KOH, and 0.8% agarose.
Transformed plants were selected on hygromycin—containing plates

(30 pg/mL).



2.2 Observation of biological parameters

For the root gravitropism assay, 3—day—old seedlings grown
vertically in the light were turned 90° for the indicated period of
time (2-10 h) in the dark condition before observing root bending.
Leaves for phyllotatic analysis were numbered in order of initiation
and the angles between the numbered leaves were measured by
Leica Application suite (v.2.8.1). Siliques were obtained for
analyzing size and number of seeds under Leica MZFLIII dissecting

microscope. At least 7 siliques were used from each plant.

2.3 Transgene constructs

The binary vector pCAMBIA 1300—NOS with modified cloning sites
(Lee et al, 2010) was used for transgene construction. The

ProPIN:PIN.GFP construct were performed using FProE7:PIN.GFP

10



as templates and the primer listed in the Table 1. Site—directed

mutagenesis of putative phosphorylation sites of PIN1—HL and

PIN7—HL to generate FProPIN:3ml1—PIN:GFFP and FroPIN:M3—

PIN:GFP was performed by the PCR method using ProPIN.PIN.GFP

constructs as templates and the primers listed in Table 1. Those

phosphor—mutated PIN.GFP fragments were cloned into the binary

vector containing the ProPIN fragment.

For Escherichia coli expression of PIN—HL protein for the in

vitro phosphorylation assay, the PIN—HL part was amplified from

Arabidopsis ¢cDNA and cloned into the pGEX—47—1 vector (GE

Healthcare, Incho, Korea) for fusion with glutathione S—transferase

(GST) at the N—terminus. Full-length PINOID (PID) (Ganguly et

al., 2012a) was used for in vitro kinase assay. All constructs were

confirmed by nucleotide sequencing, and at least 5 independent

transgenic lines were analyzed for each construct.

11



2.4 Microscopic observations

Measurement of fluorescent reporter and organelle markers were
conducted as described previously (Ganguly et al., 2010; Ganguly et
al., 2012a). For BFA study, seedling were pretreated with
cycloheximide (CHX, 50 #M) for 30 min and followed by brefeldin
A (BFA, 25 M) for 30 min. Wortmannin (20 x£M) was treated to
the seedlings before observation as described in the figures. The
quantification of PM-—localized PFPIN.GFPF signals was performed
using the histogram of Adobe Photoshop 6.0 software.

For gravitropic polarity change experiments, 4—day—old
seedlings were transferred to slide containing half strength MS
medium and grown vertically in the dark condition. Gravity
stimulation was applied for indicated time by positioning plate and

subsequently analyzed with confocal microscopy.

12



2.5 In vitro phosphorylation assay

Glutathione S—transferase—fused kinases (PID) and substrates
(wild—type and mutated PIN—-HL) were expressed in E. coli
BL21DES3 cells by induction for 3 h with 1 mM isopropyl B8 —D-—
1 —thiogalactopyranoside at 28° C, and the cells were harvested
by 10 min 4300 rpm centrifugation. After that, the cells were
lysed with B—PER bacterial protein extraction reagent (Thermo
Scientific, Seoul, Korea) with the Halt protease inhibitor
complex (Santa cruz), and purified using GST bind agarose resin
(Elpis biotech). For in vitro phosphorylation assays, 1 xg of
kinase and substrate proteins was mixed in 30 gl kinase buffer
(25 mM Tris-HCl pH 7.5, 1 mM DTT, 5 mM MgCl,, 100 uM
sodium orthovanadate, 30 mM S —glycerophosphate) and 1 xCi

[y —32P] ATP for lhour at 30° C.

13



Table 1. Primer list

subject Template Primer Sequence (5° to 3" )
Name
PIN1,7 E7 5 —tDNA |TGA AAA TCC CCT CTA TAT AAG
mutation ATT GTC TC
mGFP4R118 CCG TAT GTT GCA TCA CCT TCA
CCCT
PIN1 ProE7:PIN1:GFP PIN1IPR—-Hd— |GTT TAA GCT TCC ATA ACC ATA
promoter F AGT CAA GCC GTG C
PIN1IPR-SI- |GTT TGT CGA CCT TTT GTT CGC
R CGG AGA AGA GAG
PIN7 ProE7:PIN7:GFP PIN7PR—-Hd— |GTT TAA GCT TCT CTC TTT CTT]
promoter F1 CAG TGA TG
PIN7PR-SI- |TTA GTC GAC ATT GTT GTT CGC
R CGG AGT GG
PIN1-3ml ProE7:PIN1:GFP PIN1 M3A- |TTG AGC CCT TCT CGA GTA AAT
mutation R1 ATC AGA CCT TGC AGC ATT AGC
ACG ACG AAC
PIN1-M3 ProE7:PIN1-— PIN1 M31—- |[GGT TAG ATT CGC AGG TCT AGG
mutation 3m1:GFP R2 TGC CGC AGA TAA
PIN7-3m1l ProE7:PIN7:GFP PIN7-M3A—- [ACC ACC GTA AAA AGC TCT CCG
mutation R1 AGC AGC GTT TGC TTT TCT CAC
PIN7—M3 ProE7:PIN7— PIN7—-M3R2 |GGT GAG ATT AGC CGG ACG AGG
mutation 3m1:GFP AGC CAT ATT AGT

14



3. Results

3.1 Proper PIN1 trafficking and polarity requires the

M3 phosphorylation site

In the root, PIN1 is mainly localized at the basal PM of vascular
cells and basal and inner lateral side in pericycle and endodermal
cells (Galweiler et al., 1998). In order to study the effect of M3
and 3m1l phosphorylation sites on subcellular localization of PIN1,
wild—type PIN1 and mutated PIN1 at the M3 or 3ml region
(M3PIN1 or 3mlPIN1; Figure 1) of the HL domain were
expressed under its own promoter (ProPINI) in the pinl mutant
background. For each construct, at least 5 independent transgenic
lines were observed by a confocal microscope.

In wvascular cells, wild—type PIN1, as expected,

predominantly localized to the basal PM, whereas the basal

15
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localization of M3PIN1 was disturbed so as for the mutant PIN1 to

be more localized to lateral sides than wild—type PIN1 (Figure

2A). Moreover, M3PIN1 more tended to be internalized than wild—

type PIN1. Statistical analysis obviously revealed the defects of

M3PIN1 and 3mlPIN1 in basal localization by showing

considerably decreased ratio of apical/basal to lateral localization

(Figure 2B, C). In endodermal cells, while wild—type PIN1

localized predominantly in basal and inner lateral sides, mutation

of M3 or 3m1l disturbed this polarity by delivering these mutant

PINs to the outer lateral PM (Figure 2D—F). These results

indicate that the subcellular PIN1 polarity requires the M3

phosphorylation sites.

When roots were treated with the PIN—recycling inhibitor

brefeldin A (BFA), both wild—type PIN1 and M3PIN1 formed

internal BFA compartments (Figure 2G), suggesting that M3PIN1

is localized to the PM and properly recycles like wild—type PINI.

16



In previous study, ectopic cell division was observed in the

M3PIN3—expressing root pericycle (Ganguly et al., 2012a).

M3PIN1 and 3m1PIN1 also caused a considerable increase of

ectopic cell division in the pericycle (Figure 2H, I). It is likely that

disruption of PIN subcellular polarity generally causes ectopic cell

division probably by interfering local auxin concentration gradients.

17
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FIGURE 2. Effects of M3 and 3m1 mutations on the polarity
and trafficking of PIN1

(A) Representative confocal images of PIN1
(ProPIN1:PINI1:GFP) and M3PIN1 (ProPINI1:M3PINI:GFP)
in root vasculature cells. Arrows indicate basally intensified
and laterally depolarized localization of PIN1 and M3PIN1,
respectively. Arrowheads indicate internalized compartments
of M3PIN1. Bar=10 pm.

(B, ©) Quantification of the PIN polarity shown in (A). The
fluorescence ratio of apical and basal (AB)/lateral (L)
membranes sides (grey bars in C) of PIN1, M3PIN1, and
3m1PIN1 (ProPIN1:3m1PINI1:GFP). Data  represent
meanstSE (n=24-27 cells from 7-8 roots for each
construct). Asterisks indicate that differences are significant
from the PIN1 control (P<0.0001).

(D) Representative confocal images showing the subcellular
localization of PIN1 and M3PIN1 in pericycle (P) and
endodermis (En) cells of the root. Bar=10 pm.

(E, F) Quantification of the PIN polarity in the endodermis
shown in (D). The fluorescence ratio of outer lateral (OL in
blue), inner lateral (IL in red), and apical and basal (AB in
orange) membrane as shown in (C) was estimated with wild
type and mutant PIN1 lines (P, pericycle; En, endodermis; C,
cortex). Data represent means=SE (n=25 cells from 8—9
roots for each construct).

(@) Representative confocal images of BFA body in PIN1-—
and M3PIN1—expressing root stele under its own promoter.
Bar=10 pm.

(H) Representative confocal images of ectopic cell division
in the wild type or mutant PIN1—expressing root pericycle
(P). Arrow indicates ectopic cell division region. Bar=10 pm.
(D Ratio of seedlings showing ectopic cell division in
pericycle and endodermis cells (n=18 seedlings each). Data
are significantly different from PIN1 value at P<0.05(*) and
P<0.0001 (%) .
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3.2 The M3 phosphorylation site is required for

PIN1—mediated plant development

It is conceivable that polarity changes of PIN1 affect auxin—
dependent plant growth and development. The pin/ mutant shows
structural abnormalities in inflorescence axes, flowers and leaves
(Okada et al., 1991). To investigate the biological roles of M3 and
3m1l phosphorylation sites, phenotypes of pinl/ complemented
MS3PIN1 and 3m1PIN1 were analyzed.

During embryo development, the loss of PIN1 causes
aberrant cotyledon morphogenesis such as single, multiple, and
fused cotyledons (Figure 3A). In cotyledon analysis, F1 progeny
seedlings of self—fertilized hemizygous pin/ mutant were used
because almost all of the M3PIN1 mutant could not produce seeds
for next generation. In contrast with pmn/ complemented PINI1—

GFP, M3PIN1 and 3m1PIN1 partially rescued the pinl cotyledon

21



defects (Figure 3B). Surprisingly, the number of seedling with

fused cotyledon increased in 3m1PIN1 complemented plants to

about 3.3% (n=485) (Figure 3A, B). Also, some severe defects

such as reduced or no cotyledons were observed in both 3m1PIN]1

and M3PIN1.

Because PIN1 is highly linked to the organ initiation and

phyllotaxis (Okada et al., 1991; Reinhardt et al., 2003; Prasad et

al., 2011), we examined rosette leaf phyllotaxis of M3PIN1 and

3m1PIN1 complemented lines first. In the M3PIN1 and 3Sm1PIN1,

the divergence of leaf angle deviated from the canonical 137.5°

value and the rosette leaf phyllotaxis spread out from the 137.5°

(Figure 4A, B). This data supported that the M3PIN1 and

3m1PIN1 could not completely complement the wild—type PINI.

In the early stage of bolting, M3PIN1 showed pin—like bolting

similar with pin/ (Figure 5C). Subsequently, we observed the

early abortion of primary stem in M3PIN1 and increased lateral
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shoot (Figure 5A, D). Consistent with this data, the average height

of 6—week old plants of M3PIN1 was shorter than that of wild

type.

The M3PIN1 and 3m1PIN1 mutants produced aberrant or

no silique (Figure 5D). Therefore, we counted siliques with over

lcm and seeds in the siliques. The wild—type plants generally

produced over 1.5cm siliques, otherwise M3 mutants showed

severe defect in silique development (Figure 5E). The 3m1PIN1

mutant occasionally produced defective flowers to produce seeds

(Figure 5D, E). In contrast to the PIN1 complementation lines,

M3PIN1 and 3m1PIN]1 mutant lines showed decreased number of

silique (Figure 5E). 3 out of 5 lines of M3PIN1 produced no

silique over lcm at all, and 3ml1PIN1 mutant lines produced

decreased number of silique over lcm (Figure 5E). Consistently,

defect of silique development in M3 and 3ml mutant led to

reduced number of seeds per silique. Compared to the number of
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seeds per silique of Wild type (~40.9 seeds/silique), pinl

complemented with M3PIN1 (M3, ProPINI:M3PINI:GFP) and

3m1PIN1 (83ml, ProPINI1:3mIPINI1:GFP) had only 4.6 and 27.6

seeds per silique, respectively (Figure 5F, G).

These results suggest that phosphorylation in the M3

region of PIN1—HL is important in plant development such as leaf

phyllotaxis, seedling formation, flowering and silique development.
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FIGURE 3. Effect of M3 or 3m1 mutation of PIN1 on seedling
development.

(A) Six—day—old seedlings showing cotyledon defects by
PIN1 mutations. Bar=0.5 mm.

(B) Quantification of cotyledon defects shown in (A). All the
segregated F1 progeny seedlings of self—fertilized
hemizygous pinl (+/—) mutant background were observed
for pinl and pinl with PIN1 (ProPIN1:PINI1:GFP), M3PIN1
(M3,  ProPINI1:M3PINI:GFP), and 3mlPIN1 (3ml,
ProPINI1.:3m1PINI1:GFP). Total 403—485 seedlings from 7—
8 independent lines per construct were observed. WT, wild

type.
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FIGURE 4. Effect of M3 or 3ml mutation of PIN1 on
phyllotaxis of vegetative leaves.

(A) Images of rosette leaves of wild type (WT), pinl, and
pinl complemented with PIN1 (ProPINI1:PIN1.GFP), M3PIN1
(M3, ProPINI1:M3PINI:GFP), and 3m1PIN1 (3ml,
ProPIN1:3m1PINI1:GFP). Arrow head indicates fused leaf
shown in p/n/ mutant.

(B) Distribution of leaf—emerging angles in the plants
described in (A) (n=33-39 plants [in case of transgenics,
from 5—7 independent lines for each construct]).
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FIGURE 5. Effect of M3 or 3ml mutation of PIN1 on
reproductive development.

(A) Inflorescence stems of wild—type (WT), pinl, and pinl
complemented with PIN1 (ProPIN1:PINI1:GFP), M3PIN1 (M3,
ProPIN1:M3PINI1:GFP), and 3m1PIN1 (3ml,
ProPIN1:3m1PINI1:GFP). Bar=5 cm.

(B) Average height of the plants in (A). Data represent
means =SE (n=7-10). Data are significantly different from
WT value at P<0.05 (*) and P<0.005 (xx).

(C) Images showing early development of the inflorescence
stem.

(D) Defects in reproductive organs by M3 or 3m1 mutation.
Arrowhead indicates defect in the stem tip of the M3
transformant. Arrows indicate defect in siliques of 3ml
transformants.

(E) Number of silique over 1 cm in length. Data represent
means ESE (n=5-8 plants). Data are significantly different
from WT value at P<0.05(*) and P<0.005 (¥*).

(F) Images of representative siliques and seeds from WT,
M3 and 3ml plants. Seeds were harvested from the siliques
shown in the upper photograph. Bar=5 mm.

(@) Number of seeds per silique. Data represent means =SE
(n=8-20 siliques). Data are significantly different from WT
value at P<0.005 (xx).
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3.3 In vitro analysis revealed the difference of

phosphorylation level in M3 and 3m1 mutation

To determine the different phosphorylation level in wild—type, M3
and 3ml, we constructed glutathione S—transferase (GST)-—
tagged GST-PIN-HL, GST-M3PIN—HL and GS7T:3mIPIN—HL for
n vitro kinase assay. M3 and 3m1l mutated PIN1— and PIN7—HL
showed reduced phosphorylation level compared to the WT—PIN—

HL by PID (Figure 6). Mutation of Ser/Thr—to—Ala in M3 site of

PIN1—-HL led to ~45% reduction, and 3ml site mutation led to ~8%

reduction (Figure 6A). Consistently, M3PIN7 and 3ml1PIN7

phosphorylation by PID was reduced to ~44 and ~33%,

respectively (Figure 6B). However, in case of PIN7 in vitro kinase

assay, the phosphorylation level was relatively low compared with

PIN1— and PIN3—-HL (Figure 6B). Coincide with M3PIN3

phosphorylation analysis (Ganguly et al., 2012a), these data
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suggest that the M3 site of PIN—HL is an important phosphosite

for PID in vitro.
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Figure 6. In vitro phosphorylation assay of the hydrophilic
loop (HL) of PIN1 and PIN7.

(A) Autoradiogram (AR) of PIN1—HL phosphorylation assay.

Wild type (WT), M3, and 3m1 PIN1—HL proteins were

32
analyzed for phosphorylation by PID kinase using [y — P]

ATP as a phosphate source. CBB, coomassie brilliant blue—
stained gel. CBB, Coomassie Brilliant Blue—stained gel. The
band intensity from AR was normalized by corresponding
band intensity from CBB. Percentage values represent
quantified amount of band intensity relative to wild type
protein.

(B) Autoradiogram (AR) of PIN7—HL phosphorylation assay.
Wild type (WT), M3, and 3m1 PIN7—HL proteins were
analyzed as in (A).
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3.4 Gravity—induced PIN7 relocalization and its
resulting gravitropism requires phosphorylation of

M3 region

The PIN3 and PIN7 in columella cells redistributes upon gravity
change and it causes gravitropic bending of the root (Friml et al.,
2002b; Kleine—Vehn et al., 2010). The originally uniform
distribution of PINs in the columella reorganizes toward the newly
oriented bottom side and it leads to auxin redistribution and root
bending.

In this study, because the auxin flow caused by gravity
change is considered as a crucial factor for root gravitropism, the
subcellular localization of phosphorylation—defective PIN7 was
studied in response of gravity change. The observation of wild—
type PIN7 in short gravity stimulus (15min) by 90° induced

internalization of proPIN7:PIN7—GFP (Figure 7A). On the other
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hand, M3PIN7 mutant showed reduced internalization after short

gravity stimulus for PIN7 relocalization (Figure 7A). After 40min

gravity stimulus by 90° rotation, the relocalization of M3PIN7

mutant partially impaired compared to wild—type PIN7 (Figure

7B). Whereas the relative lateral membrane intensity (LL/B; bottom

after 90° rotation) of wild—type PIN7—GFP showed about 1.5

times higher lateral membrane intensity than that of basal,

M3PIN7—-GFP only showed 1.02 times higher lateral membrane

intensity level (Figure 7D). These findings suggest that the M3

site phosphorylation of PIN7 is important for redistribution and

transcytosis of PIN7 toward the gravity change.

After the observation of gravity—induced transcytosis defect in

M3PIN7 mutant in columella cells, we performed the root

gravitropism measurement of M3PIN7 and 3ml1PIN7 mutants in

pin7 mutant background. The pin7 mutants exhibited root

gravitropic defect as reported previously (Friml 2002b; Kleine—
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Vehn et al., 2010; Figure 7D). While complementation of the pin7

with wild—type PIN7 rescued root gravitropism, the M3PIN7 and

3m1PIN7 failed to rescue root gravitropism of pin7 (Figure 7C).

The observation of root gravitropic Kkinetics showed relatively

slow response of M3PIN7 and 3m1PIN7 mutants compared to the

wild type (Figure 7C). The—previous study of MS3PIN3 also

showed that the M3 site phosphorylation is required for root

gravitropism and auxin redistribution by kinetics and DR5ER-—

RPF analysis (Ganguly et al 2012a). With this PIN3 result, the

defect of gravity—induced transcytosis and 1its resulting

gravitropism defect in M3 and 3ml transformants demonstrated

that the response of gravity requires the phosphorylation in M3

region in columella cells.
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FIGURE 7. Effect of M3 mutation on PIN7 trafficking and root
gravitropism .

(A) Fluorescence images of PIN7 (ProPIN7:PIN7:GFP) and
M3PIN7 (M3, ProPIN7:M3PIN7:GFP) in root columella cells.
Images were taken before (0O min) or after 90° —gravity
stimulation for 15min. Arrows indicate the gravity direction
Bar=20 pm.

(B) Fluorescence images of PIN7 and MS3PIN7 in root
columella regions after 40—min gravity stimulation. Arrow
indicates the gravity direction. Transgenic seedlings were
observed with FM4-64 staining (2 pM, within 3 min).
Bar=20 pm.

(C) The lateral/basal (L/B) ratio of PIN7 or M3PIN7
fluorescence intensity in the columella cells in (B). Data
represent means=SE (n=12 cells from 5 roots for each
construct). Asterisks indicate that differences are significant
from the PIN7 control (P<0.0001).

(D) Kinetics of root gravitropism of wild —type (WT), pin7
and pin7 complemented with PIN7, M3, and 3ml. Data
represent means+=SE (n=29-40 roots).
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4. Discussion

After the first identification of M3 motif in PIN3—HL (Ganguly et
al., 2012a), the conserved role of M3 phosphorylation site were
investigated in other long PINs (PIN1, PIN2, and 7) using the root
hair assay system (under proE7, Sasayama et al., 2013). In this
study, we identified the conserved role of M3 phosphorylation site
of long—looped PINs for PIN polarity and biological roles in their
own expression domain. Defects in M3 site phosphorylation
resulted in proper PM targeting and polarity, and subsequently
caused the PIN—mediated plant developmental defects such as
cotyledon development, primary stem growth, silique formation
and root gravitropism defects.

The TPRXS motifs in long—looped PIN—HL were
sequentially conserved in Arabidopsis and other orthologs, and the

previous studies showed that these three TPRXS motifs in PIN—
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HL have redundant function for the PIN polarity and biological

functions. The M3 motif, which includes the first TPRXS motif

(2m3) in the PIN—HL with RKSNASRRSF (/I.) motif adjacent the

2m3 (3m1l), has been studied for subcellular localization and the

biological functions of PIN3 (Ganguly et al.,, 2102a). Our

previous study demonstrated that the 3m1 mutation alone showed

the partial disruption in PIN3 function but 2m3 alone did not

(Ganguly et al., 2012a). Also, the root hair assay data of PIN1, 2

and 7 showed the importance of 3m1l site in PIN—HL for proper

PM targeting for modulating auxin gradient formation (Sasayama

et al., 2013). Consistent with that, this data revealed the decisive

role of conserved M3 and 3mlsite for long—PIN trafficking and

biological function in their expression domain.

Protein  phosphorylation and dephosphorylation is

important in proper PIN trafficking and auxin transport.

Subcellular localization analysis in this study revealed that the M3
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site phosphorylation i1s crucial in proper PIN trafficking and

polarity in native state or environmental stimuli. In wild—type

plant, PIN1 plays pivotal role in producing reproductive organ

formation such as flowers and seeds and PIN7 in columella cells

plays in response to the gravity stimulation. In this study, both

M3PIN1 and M3PIN7 showed disruption in proper polar targeting

in their expression domain. This data suggest that the proper

localization and dynamic recycling result from the M3 site

phosphorylation is a crucial cue for modulating local auxin gradient

in plant developmental and environmental changes.

In accordance with the root hair assay data of M3PIN2

(Sasayama et al., 2013), the phosphorylation—defective of M3

data under its own promoter also showed extremely lowered PIN2Z

expression which is considered because of the wvacuolar lytic

degradation (Data not shown). Wortmannin, an inhibitor of the

vacuolar lytic pathway, treatment in M3 and 3m1l mutant showed
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restored protein levels of PINZ and this data supported the idea

that the decreased protein levels shown in M3PINZ2 and 3Sm1PIN2Z

are mainly due to the protein degradation (Data not shown).

Unlike the M3 site analysis of PIN1 and PIN7 which showed the

importance of M3 site in PM targeting or trafficking of PINs,

M3PIN2 under root hair assay system (proE7, Sasayama et al.,

2013) and under its own domain (proPINZ; this study) analysis

showed that the M3 site phosphorylation in PIN2Z plays for

facilitation of vacuolar lytic pathway.

Overall, our previous data and this study suggest that the

M3 motifs in long—PINs are functionally conserved in PIN

trafficking, PM targeting and vacuolar lytic trafficking. In addition,

after the first identification of 3m1 motif in PIN3, we investigated

the function of this motif are functionally conserved in long—PINs.

By comparing the different subcellular localization and trafficking

of M3PINs in different cell types— and PIN-—specific, we can
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consider this specific expression of M3PINs can be due to
evolutionary  diverged function of known or unknown
phosphorylation of PIN—HL among cell type— and PIN-—specific

manner by different AGC kinases and phosphatases.
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