
RESEARCH PAPER

Arabidopsis thaliana Acyl-CoA-binding protein ACBP6 interacts with
plasmodesmata-located protein PDLP8

Zi-Wei Ye, Qin-Fang Chen, and Mee-Len Chye

School of Biological Sciences, The University of Hong Kong, Hong Kong, China

ARTICLE HISTORY
Received 14 June 2017
Revised 19 July 2017
Accepted 20 July 2017

ABSTRACT
In Arabidopsis thaliana, six acyl-CoA-binding proteins (ACBPs), designated as AtACBP1 to AtACBP6, have
been identified to function in various events related to plant stress and development. The 10-kDa
AtACBP6 is the smallest in this protein family, and recombinant AtACBP6 interacts with lipids in vitro by
binding to acyl-CoA esters and phosphatidylcholine. Using anti-AtACBP6 antibodies in immunoelectron
microscopy, we have localized AtACBP6 in the Arabidopsis phloem. The detection of immunogold grains
in the plasmodesmata suggested that AtACBP6 could move from the companion cells to the sieve
elements via the plasmodesmata. As AtACBP6 has been identified in a membrane-based interactome
analysis to be a potential protein partner of Plasmodesmata-Localized Protein, PDLP8, AtACBP6-PDLP8
interaction was investigated herein utilizing isothermal titration calorimetry, as well as pull-down and
bimolecular fluorescence complementation assays (BiFC). Notably, BiFC data revealed that AtACBP6-
PDLP8 interaction occurred at the plasma membrane, which was unexpected as AtACBP6 has been
previously identified in the cytosol. AtACBP6 expression was generally higher than PDLP8 in
b-glucuronidase (GUS) assays on transgenic Arabidopsis transformed with AtACBP6 or PDLP8 promoter-
driven GUS, consistent with qRT-PCR and microarray results. Furthermore, western blot analysis using anti-
AtACBP6 antibodies showed a reduction in AtACBP6 expression in the pdlp8 T-DNA insertional mutant,
suggesting that PDLP8 may possibly influence AtACBP6 accumulation in the sieve elements, probably in
the plasmodesmata, where PDLP8 is confined and to where AtACBP6 has been immunodetected.
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Introduction

In higher plants, the plasmodesmata serve as vital structures in
cell walls for intercellular transport of water and nutrients, to
facilitate molecular movement within the symplastic space.1,2

They also are important in development and pathogenesis.3,4

In Arabidopsis, an eight-membered family of Plasmodesmata-
Located Proteins, PDLPs (PDLP1-PDLP8), have been reported
to be involved in virus translocation through plasmodesmal
tubular-guided movement.5 These PDLPs, predicted to range
between 30 to 35 kD, were identified based on sequence homol-
ogy to Arabidopsis PDLP1 and had been characterized by
proteomic analysis of the cell wall.5,6

Recent studies on PDLPs demonstrated their localization in the
plasma membrane within the plasmodesmatal channels, and their
function in the regulation of cell-to-cell movement of viruses and
macromolecules.5,6,7 A reduction in cell-to-cell movement of fluo-
rescent molecules and viral movement proteins occurred in trans-
genic plant lines overexpressing PDLP1 or PDLP5.5,6,7

Furthermore, PDLP5, as a regulator of plasmodesmal gating, was
responsive to virulent Pseudomonas syringae and salicylic acid
(SA)-dependent callose deposition at the plasmodesmata.8,9

The six members of the Arabidopsis thaliana acyl-CoA-
binding protein (AtACBP) family share a conserved acyl-CoA-
binding domain and they have been reported to function in

plant stress and development.10,11 Ankyrin repeat-containing
AtACBPs, AtACBP1 and AtACBP2, are membrane-associated
proteins that can facilitate protein-protein interactions12-16 as
well as mediate heavy metal stress responses.17-19 They have
also been shown to exert overlapping functions in embryo
development.20,21 AtACBP3 has been identified as an extracel-
lularly-targeted protein which functions in pathogen defense
and autophagy-mediated leaf senescence.22,23,24 Both cytosolic
AtACBP4 and AtACBP5 contain kelch-motifs that are poten-
tially capable of protein-protein interactions and they play
complementary roles in floral development.25-28 The smallest
(10-kDa) member, AtACBP6, is also a cytosolic protein and
conferred freezing tolerance upon its ectopic expression in
transgenic Arabidopsis rosettes and flowers.29-30 More recently,
immunoelectron microscopy using anti-AtACBP6 in 5-week-
old Arabidopsis revealed that AtACBP6 was detected in the
companion cells, sieve elements and the plasmodesmata.28

Using a membrane-based interactome analysis, Jones
et al. (2014) identified a panel of interactors, including a
number of putative AtACBP6 protein interactors.31

Amongst those predicted AtACBP6 interactors, PDLP8
(At3g60720) ignited our interest as its plasmodesmal
localization coincided with recent observation that
AtACBP6 could be transported from the companion cells
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to the sieve elements via the plasmodesmata.28 While
PDLP8 has been hypothesized to function in intercellular
movement of molecules,5 phloem-localized AtACBP6 has
been designated a role in lipid transport through the plas-
modesmata.28 Herein, the interaction of PDLP8 and
AtACBP6 was verified using isothermal titration calorimetry
(ITC), as well as pull-down and bimolecular fluorescence
complementation (BiFC) assays. The relationship between
PDLP8 and AtACBP6 was further explored using qRT-PCR,
phloem exudate analysis on the pdlp8 mutant, and GUS
assays on PDLP8pro::GUS and AtACBP6pro::GUS transgenic
Arabidopsis lines.

Results

Interaction of AtACBP6 and PDLP8 at the plasma
membrane

Some candidates of putative “protein partners” for
AtACBP6 was identified using membrane-based interactome
analysis (Table 1). More than 100 protein partners were
predicted to interact with AtACBP6.31 Among them,
PDLP8 showed the highest interaction scores with
AtACBP6 (www.associomics.org; Table 1). To further evaluate
putative AtACBP6-PDLP8 interaction, computational predic-
tion was performed prior to experimental verification. As
shown in the ribbon diagram (Fig. 1A), two a-helices, four
b-sheets and a visible loop appeared in the 3-D structure of
PDLP8 when generated using 4XRE32 as template in SWISS
MODEL. A model on AtACBP6-PDLP8 interaction was pre-
dicted by docking using Patchdock/Firedock (http://bioinfo3d.
cs.tau.ac.il/PatchDock/) (Fig. 1B). Our results suggested possi-
bility of AtACBP6-PDLP8 interaction, with the a1 and a2 heli-
ces of AtACBP6 predicted to interact with the b3 and b4 sheets
of PDLP8 (Fig. 1B).

Next, pull-down assays (Fig. 1C, D) were carried out to con-
firm the binding of PDLP8 with AtACBP6, using recombinant
AtACBP6 and PDLP8 proteins (SDS-PAGE analysis in
Figs. S1). As (His)6-PDLP8 (35.6 kD) and GST-AtACBP6
(37.4 kD) are close in molecular size (Fig. S1), PreScission Pro-
tease was used to remove the GST tag to distinguish the cleaved
recombinant AtACBP6 (10.3 kD) protein from (His)6-PDLP8

(35.6 kD). Both fractions of (His)6-PDLP8 and AtACBP6 were
detected in the eluant from Ni-NTA magnetic agarose beads
(Fig. 1C), validating in vitro binding of PDLP8 and AtACBP6.
Furthermore, ITC data revealed that PDLP8 could bind
AtACBP6 with a dissociation constant (Kd) ranging from
11.4 uM to 3.7 uM (Table 2). Binding affinity between
AtACBP6 and PDLP8, though modest, was thus confirmed.

As PDLP8 is a transmembrane protein and AtACBP6 pro-
tein is localized in the cytosol,5,29 an investigation on where
and how these two proteins could interact subcellularly was
pursued. In BiFC assays (Fig. 1E-I), transient co-expression of
AtACBP6::CYFP and PDLP8::NYFP in N. benthamiana
(tobacco) leaf cells showed YFP fluorescence signals at the
plasma membrane (Fig. 1I), indicating interaction of AtACBP6
and PDLP8 at the plasma membrane. The nuclear basic leucine
zipper (bZIP) transcription factor bZIP63 fused to the N/C-ter-
minal of YFP (bZIP63::NYFP and bZIP63::CYFP) combination
served as our positive controls,33 and florescent signals were
detected in the nucleus (Fig. 1E). The negative control pairs
(P35S::NYFP C P35S::CYFP, AtACBP6CYFP C P35S::NYFP and
P35S::CYFP C PDLP8::NYFP) did not show any fluorescence
signal (Fig. 1F-H).

Comparison of PDLP8 and AtACBP6 expression
in Arabidopsis tissues

The spatial expression pattern of PDLP8 and AtACBP6 was
compared using GUS assay on transgenic Arabidopsis harbor-
ing PDLP8pro::GUS (Fig. 2A-F) and AtACBP6pro::GUS
(Fig. 2G-L). PDLP8pro::GUS showed GUS expression in buds
(Fig. 2D) after 24 h, while only weak GUS signals could be
detected in the vasculature of 3-week-old rosette (Fig. 2F). In
comparison, the expression of AtACBP6pro::GUS was stronger
with GUS signals detected after merely 2-h GUS staining
(Fig. 2I). GUS expression was not observed in the vector con-
trol (pB101.3)-transformed plants at similar reaction periods
(Fig. 2M-R).

By comparing the microarray data obtained from Genevesti-
gator, the expression level of AtACBP6 was indeed much higher
than PDLP8 (Fig. 2S). Furthermore, both AtACBP6 and PDLP8
appeared to have higher relative expression values in shoot and
root phloem companion cells (Fig. 2T). Also, the mRNA
expression level of AtACBP6 and PDLP8 in various Arabidopsis
tissues was measured by qRT-PCR analysis (Fig. 2U). Our
results showed that the expression of PDLP8 mRNA was rela-
tively higher in the reproductive tissues (flowers and buds)
than in vegetative organs (leaves and stems) and the expression
pattern of PDLP8 was similar to AtACBP6 (Fig. 2). However, in
terms of absolute expression level, AtACBP6 appeared to be
much higher (Fig. 2). Collectively, we demonstrated that
PDLP8 and AtACBP6 exhibited similar expression patterns in
Arabidopsis, with AtACBP6 expression exceeding PDLP8.

Reduced AtACBP6 accumulation in pdlp8 phloem exudates

To further understand the interaction between PDLP8 and
AtACBP6, the pdlp8 mutant (SALK_089929C) was character-
ized. The presence of a T-DNA insert in the pdlp8 mutant was
confirmed by gene-specific primers ML2427 and ML2428 as

Table 1. Putative protein interactors of AtACBP6.

Locus
Interaction

Score Gene description

AT3G53510 CCCC ABC-2 type transporter family protein
AT1G51460 CCCC ABC-2 type transporter family protein
AT1G70520 CCCC CRK2, cysteine-rich RLK (RECEPTOR-like

protein kinase) 2
AT1G72300 CCCC Leucine-rich receptor-like protein kinase

family protein
AT3G05360 CCCC AtRLP30, RLP30, receptor like protein 30
AT3G60720 CCCC PDLP8, plasmodesmata-located protein 8
AT4G37220 CCCC Cold acclimation protein WCOR413 family
AT2G42770 CCCC Peroxisomal membrane 22 kDa (Mpv17/

PMP22) family protein
AT5G40420 CCCC OLEO2, OLE2, oleosin 2
AT5G47530 CCCC Auxin-responsive family protein

The list was selected from 153 candidate proteins that scored the highest from data-
base reported by Jones et al. (2014) Science 344:711–716 (www.associomics.org).31
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well as a T-DNA border primer (LBa1) as shown in
Fig. 3A. In wild-type Arabidopsis (Fig. 3B, lanes 1 and 2), a
0.65-kb band was amplified by ML2427/ML2428, while no
such band was detected following PCR using primer pair
Lba1/ML2428. Except for lane 6 (Fig. 3B), all the other
SALK_089929C samples did not show any bands after PCR
using primer pair ML2427/ML2428 (unlike Lba1/ML2428),
suggesting that the samples in lanes 3, 4, 5, 7 and 8 were
homozygous. When qRT-PCR analysis was carried out to
analyze PDLP8 mRNA expression in SALK_089929C in
comparison to the wild type, the results indicated an

Figure 1. PDLP8 interacts with AtACBP6 at the plasma membrane. (A-B) The predicted 3-D structure of PDLP8 interacting with AtACBP6. An overall ribbon diagram showing
the fold of PDLP8 (A), with a-helices colored yellow and light blue and b-sheets colored dark blue, green, orange and red. There are two helices and three b-sheets in this pro-
tein, with only one visible loop. The model were generated from 4XRE as template by using SWISS MODEL (www.swissmodel.expasy.org). The model consists of 2 a-helices
and 4 b-sheets. The interaction between PDLP8 and AtACBP6 by docking via patchdock/firedock. Secondary structure is marked to show 4 a-helices in AtACBP6 as well
as the 2 a-helices and 4 b-sheets in PDLP8 (B). The a1 and a2 helices of AtACBP6 are predicted to interact with the b3 and b4 sheets in PDLP8. Best model is represented
with a binding affinity of -12.80 (DG). (C-D) The interaction between (His)6-PDLP8 and GST-tagged AtACBP6 (with the GST tag cleaved) was visualized by 15% SDS-PAGE.
M, low-range rainbow marker; Lane 1, recombinant (His)6-PDLP8; Lane 2, flow-through after recombinant (His)6-PDLP8 is bound to the Ni-NTA magnetic agarose beads;
Lane 3, recombinant GST-tagged AtACBP6 (with the GST tag cleaved); Lane 4, flow-through after incubation of recombinant (His)6-PDLP8 and recombinant AtACBP6 on
the Ni-NTA magnetic agarose beads following washing to remove excess recombinant AtACBP6; Lane 5, elution from Ni-NTA magnetic agarose beads using buffer B.
Arrows indicate the various recombinant proteins. (E-I) The interaction of PDLP8 and AtACBP6 was confirmed by bimolecular fluorescence complementation (BiFC). The
interaction of BiFC assays using Agrobacterium-infiltrated tobacco leaves to examine the interaction between AtACBP6 with PDLP8 in vivo. (E) bZIP63-YFPN and bZIP63-
YFPC, the positive controls, were expressed in the nucleus. (F-I) The combination of P35S::NYFP and 35S::cYFP, AtACBP6::NYFP and 35S::cYFP as well as P35S::NYFP and
PDLP8::CYFP did not show any interaction, while AtACBP6::NYFP and PDLP8::CYFP showed signals of interaction in the plasma membrane (I). BarD 20 mm.

Table 2. ITC binding constant and thermodynamic parameters for (His)6-PDLP8
and (His)6-AtACBP6 interaction.

Binding n Kd (mM) DH (kcal/mol) -TDS (kcal/mol)

250 uM AtACBP6
vs 25 uM PDLP8

1.91 6.8§ 3.1 1.78 ¡8.8

250 uM PDLP8
vs 25 uM AtACBP6

2.19 7.6§ 3.8 1.44 ¡8.4

Experiments were carried out at 25�C and reported values are the mean of at least
two independent titrations. n, number of binding sites (nD ligand/receptor); Kd,
the dissociation constant; DH, the enthalpy changes; DS, the entropy changes.
The binding entropy and enthalpy determination ligand binding.
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Figure 2. Analysis in the expression pattern of AtACBP6 and PDLP8. Histochemical staining shows GUS expression of PDLP8pro::GUS (A-F) and AtACBP6pro::GUS (G-L),
8-week-old inflorescence, 10-DAF mature flowers and 3-week-old rosette leaves. Different GUS staining times are shown (2 h in A-C and G-I; 24 h in D-F and J-L). GUS
expression was not detected in vector (pB101.3)-transformed control plants (M-R). (S-T) A comparison in expression of AtACBP6 and PDLP8 as carried out by analysis of
microarray data from Genevestigator (https://genevestigator.com/gv/). (S) Expression of AtACBP6 and PDLP8 in different developmental stages. The red line indicates the
expression of AtACBP6 and the blue represents the expression of PDLP8. (T) Heat map of the expression of AtACBP6 and PDLP8 in the phloem. CC, companion cells. (U)
Quantitative real-time PCR analysis of PDLP8 and AtACBP6 expression in 4-week-old rosette leaves (RL), 4-week-old stems (ST), 4-week-old stems roots (RT), 1-week-old
seedlings (SD), buds (BD) and 8-week-old open flowers (OF). Results were normalized against the expression of ACTIN2. Each bar represents a mean value of six repeats
from two independent biological samples § SD.
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approximately 10-fold decrease in PDLP8 expression in
SALK_089929C (Fig. 3C).

To investigate whether PDLP8 could affect AtACBP6 uptake
into the sieve elements, phloem exudates from pdlp8 mutant
plants were collected for western blot analysis using anti-
AtACBP6-specific antibodies with Col-0 and acbp6 as controls.
The phloem exudates from Col-0 showed a strong cross-

reacting band while acbp6 phloem exudates did not show any
bands as expected (Fig. 3D). A weaker band was visualized in
the pdlp8 phloem exudates, suggesting that AtACBP6 accumu-
lation was reduced in the absence of PDLP8 in the phloem
(Fig. 3D, E). In terms of mRNA expression, since AtACBP6
mRNA could not be detected in the Col-0 phloem exudates,28

we were not able to determine whether AtACBP6 mRNA had

Figure 3. Characterization of the pdlp8 mutant by PCR, qRT-PCR, and western blot analysis on its phloem exudates using anti-AtACBP6 antibodies. (A) Location of the
T-DNA insertion in the PDLP8 gene. (B) Specificity of primer combinations, ML2427 and ML2428 (top gel) and LBa1 and ML2428 (bottom gel) in PCR to identify pdlp8
(homozygous) lines. Lanes 1 and 2 are from wild type 4-week-old rosette leaf DNA. Lanes 3 to 8 are from pdlp8 mutant plant DNA. The 0.65-kb ML2427/ML2428, and 0.3-
kb Lba1/ML2428 PCR bands are denoted by arrowheads. (C) qRT-PCR analysis of PDLP8 expression in Col-0 and the SALK_089929 (pdlp8 mutant). Relative expression level
of PDLP8 was normalized against ACTIN2. (D) Western blot analysis on 5-week-old phloem exudates of Col-0, pdlp8 and acbp6 using anti-AtACBP6 antibodies. The 10.4-
kDa AtACBP6 band is indicated by an arrowhead. Coomassie Blue-stained gel identically loaded with proteins as in western blot analysis displayed below. (E) The immu-
noreactive bands of the total phloem extract proteins were densitometrically quantified. Each value represents the mean of three replicates (§ SE). (F) qRT-PCR analysis
on AtACBP6 mRNA expression in 5-week-old leaves and flowers from Arabidopsis Col-0 and pdlp8. The AtACBP6 mRNA expression in 5-week-old leaves from Arabidopsis
Col-0 was normalized as 1, and fold changes in AtACBP6 mRNA expression in pdlp8 were compared. (G) Previous studies have demonstrated the AtACBP6 protein could
be transported from companion cells to sieve elements via the plasmodesmata.28 A model indicating the role for AtACBP6-PDLP8 interaction in influencing AtACBP6
transport from the companion cell (blue) to the sieve element (grey) is proposed.1 PDLP8 (green) is localized to the plasmodesmata (pink).2 AtACBP6 (red) presumably
interacts with PDLP8.3 PDLP8 (green) may facilitate AtACBP6 transport from the companion cells (blue) to the sieve element (grey), by unloading AtACBP6 (red) to the
sieve element.
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declined in the pdlp8 mutant. The AtACBP6 mRNA expression
level of leaves and flowers, however, showed non-significant
differences between 5-week-old Col-0 and pdlp8 (Fig. 3F). As
the phloem exudates originated from the sieve elements, we
concluded that the absence of PDLP8 diminished AtACBP6
accumulation in the sieve elements.

Discussion

Plasmodesmata are plant specific cell-to-cell junctions that con-
nect adjacent cells via a cytosolic sleeve and contiguous endo-
plasmic reticulum, allowing the symplastic movement of
signals and macromolecules.9,34 It has been widely acknowl-
edged that these channels regulate a number of developmental
and stress-related processes in all plant species.35,36 In the
phloem, companion cells are connected to sieve elements by
the plasmodesmata which facilitate the loading and unloading
of materials into and out of the phloem.37 In conjunction with
the prediction that PDLP8 interacts with AtACBP6,31 this
study verifies their interaction and supports AtACBP6 move-
ment in the phloem. Among the protein partners of AtACBP6,
PDLP8 is unusual because membrane-bound PDLP8 interacts
with cytosolic AtACBP6 only when AtACBP6 is translocated
through the plasmodemata. BiFC results confirmed their inter-
action at the plasma membrane (Fig. 1). In a previous proteo-
mic study on cell suspension cultures, AtACBP6 was detected
in the plasma membrane fraction,38 suggesting that small
amounts of AtACBP6 may adhere to the plasma membrane. It
has been observed that PDLP1 and its homologs are distributed
on specific subdomains as punctate patterns on the plasma
membrane,7 which slightly differs from the PDLP8-AtACBP6
interaction as observed in this study. Whether PDLP8 is located
on the plasmodesmata as well as the plasma membrane, or
AtACBP6 interaction would alter PDLP8 localization remains
to be further investigated.

Analysis in expression profiles of PDLP8 in different tis-
sues of Arabidopsis by qRT-PCR showed its high expression
in seedling and flowers (Fig. 2), similar to some extent to
the distribution of AtACBP6 as reported by Hsiao et al.
(2015),26 although variation in their expression levels was
evident. The results of qRT-PCR analysis was supported by
GUS assays of higher AtACBP6pro::GUS expression than
PDLP8pro::GUS in flowers and 3-week-old rosette leaves
(Fig. 2). As PDLP8 belongs to the PDLP family and is pre-
sumed to be specifically targeted to the plasmodesmata,5 it
was not surprising that lower PDLP8pro::GUS expression
occurred given its confinement to the plasmodesmata. In
the Arabidopsis PDLP family, PDLP8 showed conservation
in amino acid sequence to other members, with highest
identity (41.67%) to PDLP6 (Fig. S2; Table S1). Recent
studies have revealed that PDLP1 or PDLP5 overexpression
in transgenic Arabidopsis enhanced systemic acquired resis-
tance (SAR) during pathogen infections.39 It has also been
reported that PDLP1- and PDLP5-overexpressing lines
exhibited reduced DIR1 translocation and SAR manifesta-
tion.39 Previously, acbp6 plants were observed to be com-
promised in fungal (Botrytis cinerea and Colletotrichum
higginsianum) and Pseudomonas syringae infections.40 Given
the amino acid sequence similarity shared by the PDLP

family members, it would be interesting in the future to
explore whether AtACBP6-PDLP8 interaction affects SAR.

Interestingly, the pdlp8 mutant had displayed a decrease in
AtACBP6 expression in the phloem exudates (Fig. 3D, E),
implying that PDLP8 expression does affect AtACBP6 accumu-
lation in the phloem. However, the AtACBP6 mRNA level did
not decrease in 5-week-old pdlp8 leaves (Fig. 3F), suggesting
that PDLP8 may not affect AtACBP6 expression. Given that
AtACBP6 mRNA was not detected in the phloem exudate, and
AtACBP6 has been hypothesized to move from the companion
cells to the sieve elements via the plasmodesmata,28 PDLP8
possibly facilitates AtACBP6 movement in the plasmodesmata
as shown in the model (Fig. 3G). PDLP8, when anchored at the
plasmodesmata, may guide AtACBP6 protein movement from
the companion cells to the sieve elements. Correspondingly it
would be of no surprise if AtACBP6 exceeds PDLP8 levels;
which would explain for the discrepancy in their distinct abso-
lute expression levels as observed in GUS assays and qRT-PCR
analysis.

Computational analysis on the membrane-based interac-
tome database (www.associomics.org) had predicted a number
of putative “interactors” of PDLP8 including cytosolic and
non-cytosolic proteins, despite PDLP8 being anchored in the
plasmodesmata. As the absence of PDLP8 in pdlp8 did not
affect AtACBP6 mRNA expression (Fig. 3F), PDLP8 is more
likely to function in the transport of protein from the compan-
ion cells to the sieve elements. It is worth mentioning that as
the pdlp8 mutant showed »50% (but not 100%) decrease in
AtACBP6 amount in phloem exudates when compared with
Col-0 (Fig. 3D, E), it may be possible that other proteins facili-
tate AtACBP6 into the sieve elements besides PDLP8. Owing
to the conservation PDLP8 shares with other PDLP members,
AtACBP6 may also interact with the remaining untested
PDLPs (PDLP1-PDLP7) when trafficked through the plasmo-
desmata. This hypothesis needs to be verified experimentally in
a future study. Collectively, these findings confirm an interac-
tion between AtACBP6 and PDLP8, and AtACBP6 reduction
in pdlp8 phloem exudates is consistent with the absence of its
interactor, PDLP8. This study has provided an insight on
AtACBP6 transport, most likely mediated by PDLP8, from the
companion cells to the sieve elements via the plasmodesmata.
It further provides basis for further investigations on PDLP8
function in the symplastic movement of AtACBP6.

Materials and methods

Plant materials and growth conditions

The acbp6 and pdlp8 T-DNA insertion mutants identified from
the SALK collection (SALK_104339 and SALK_089929C,
respectively; http://signal.salk.edu) were purchased from the
Arabidopsis Information Resource (TAIR; http://www.Arabi
dopsis.org) and the acbp6 mutant (SALK_104339) was previ-
ously characterized.29 Seeds were surface-sterilized in a solution
containing 20% bleach and 1% Triton X-100 for 30 minutes,
followed by several times of double-distilled water (ddH2O).
Seeds were sowed on Murashige and Skoog (MS) medium agar
plates. They were stratified for two days at 4�C in darkness
before germination. Plates were incubated in a tissue culture
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room under continuous light for two weeks and subsequently
potted in soil at 23�C/21�C (16 h day/8 h night) cycles. For
phloem exudate extraction, wild type, acbp6 and pdlp8 Arabi-
dopsis were grown in a growth chamber maintained at 21�C
under 16 h of light and 8 h of dark. Transgenic lines expressing
PDLP8pro::GUS or AtACBP6pro::GUS were also grown in a
growth chamber maintained at 21�C under 16 h of light and
8 h of dark.

Identification of the pdlp8 mutant

The T-DNA insertion in pdlp8 mutant (SALK_089929C) was
identified using the T-DNA left border primer LBa1 and
ML2428 together with the PDLP8-specific forward (ML2427)
and reverse (ML2428) primer pair (Table S2). Upon identifica-
tion of the T-DNA insertional site, individual homozygous
T-DNA mutant plants were verified by PCR.

Expression and purification of (His)6-tagged AtACBP6,
GST-tagged AtACBP6 and (His)6-PDLP8

To generate the construct for expression and purification of
recombinant (His)6-PDLP8, an 852-bp PDLP8 cDNA from
wild-type Arabidopsis was amplified by primers ML2459 and
ML2426 (Table S2). The PCR product was digested with
BamHI and PstI and cloned into similar restriction sites on
(His)6-tagged expression vector pRSET B (Invitrogen, Carlsbad,
CA, USA) to yield plasmid pAT787. To generate the construct
for expression and purification of recombinant Glutathione S-
transferase (GST)-AtACBP6, plasmid pAT505 which contains
a 0.53-kb AtACBP6 BamHI-EcoRI cDNA fragment was cloned
into the pGEX-6p-1 vector (Promega) to express tagged GST-
AtACBP6 recombinant protein. Expression and purification of
Escherichia coli BL21(DE3)pLysS transformed with plasmid
pAT505 was carried out as described previously.41

The recombinant (His)6-PDLP8 protein was purified from
the inclusion body as previously described,41 with 2% (w/v) sar-
kosyl added to maintain its protein reactivity.42 GST-AtACBP6
and (His)6-AtACBP6 were analyzed using 15% SDS-PAGE
while 10% SDS-PAGE was used for detecting (His)6-PDLP8.
All above purified recombinant proteins were subjected to dial-
ysis and refolding in a refolding buffer (50 mM HEPES sodium
salt, 200 mM NaCl, 2 mM MgCl2, 5 mM EDTA, 10% glycerol,
0.005% (v/v) Tween-20, pH 7.9) at 4�C, and they were finally
concentrated using a Centricon-10 (Amicon) spin-column and
subsequently used for in vitro binding assays.

Pull-down assays

Ten micrograms of the recombinant (His)6-PDLP8 protein was
immobilized to the Ni-NTA magnetic agarose beads and incu-
bated with 10 mg of the GST-tagged AtACBP6 at room temper-
ature for 1 h.43 After washing several times with washing buffer
(20 m mM Tris-HCl, pH 7.5, 0.3 M NaCl, 50 mM imidazole),
the PDLP8-AtACBP6 protein complex was eluted from the Ni-
NTA magnetic agarose beads with elution buffer (20 mM
Tris-HCl, pH 7.5, 0.3 M NaCl, 300 mM imidazole). Purified
protein expressed from the GST-tagged blank vector was used

as a negative control. The elution fractions were loaded into an
SDS-PAGE gel and stained with Coomassie Blue.

Isothermal titration calorimetry (ITC)

Isothermal titration calorimetry (ITC) analysis was carried out
using a MicroCal iTC200 system (GE Healthcare, Piscataway,
NJ, USA). (His)6-AtACBP6 protein was purified as described
previously29 and (His)6-PDLP8 was purified in this study. The
interaction of (His)6-AtACBP6 and (His)6-PDLP8 was per-
formed according to Pierce et al. (1999).44 Raw data sets were
included and analyzed using ORIGIN7 (OriginLab, Northamp-
ton, MA, USA) that was provided alongside the instrument.

Bimolecular fluorescence complementation (BiFC)

BiFC assays were carried out by transient transfection of Nicoti-
ana benthamiana (tobacco) leaves.33 The plasmid containing
the AtACBP6 coding region on vector pSPYCE::35S was used
to generate the pSPYCE::35SAtACBP6 construct. Similar meth-
ods were adopted for amplifying the PDLP8 coding region to
yield pSPYNE-35SPDLP8.33 The PCR primers for cloning each
fragment following PCR-amplification are listed in Table S2.
Agrobacterium tumefaciens GV3101 transformation was car-
ried out.45 A. tumefaciens GV3101 derivatives containing with
fluorescence-tagged construct were incubated overnight with
shaking at 28�C and 3-week-old tobacco leaves were infiltrated.
Two days after infiltration, epidermal cell layers were examined
for fluorescence under a Zeiss LSM 510 META microscope
using a 505 to 530 nm emission filter.

Quantitative real-time polymerase chain reactions
(qRT-PCR)

Various tissues from wild-type Arabidopsis were used to extract
RNA using the RNeasy Mini Kit (Qiagen, Valencia, CA, USA)
followed by DNase (Promega, Madison, WI) treatment. First-
strand cDNA was synthesized using the Superscript First-Strand
Synthesis System (Invitrogen). Subsequently, qRT-PCR was car-
ried out using the FastStart Universal SYBR Green Master Mix
(Roche, www.roche.com) on a StepOne Plus Real-Time PCR
System (Applied Biosystems, www.appliedbiosystems.com).
Relative gene expression was normalized to the expression of
ACTIN2 and gene-specific primers used are listed in Table S2.
Three independent biological repeats were performed.

Generation of PDLP8pro::GUS transgenic lines

A 0.65-kb fragment of the AtPDLP8 50-flanking region was
amplified by PCR with primer pair ML2427 and ML2428 using
wild-type A. thaliana Col-0 genomic DNA as template. The
primers used are listed in Table S2. Fragments were purified
and cloned into pGEM-T Easy (Promega) to yield plasmid
pAT783. The BamHI-SmaI fragment was subcloned into the
corresponding restriction sites on the binary vector pBI101.3
(Clontech) to generate AtPDLP8pro::GUS fusion plasmid
pAT788.

The plasmid pAT788 was utilized to generate transgenic
Arabidopsis by the floral dip approach.45 Transformants were
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selected on Murashige and Skoog plates containing 50 mgL¡1

of kanamycin. T1 transformants were confirmed by PCR, and
seedlings which segregated in a 3:1 Mendelian ratio were potted
to yield the T2 generation. Seeds from T2 lines were germinated,
and the resultant T3 lines that displayed 100% kanamycin-resis-
tant segregation were deemed homozygous and were subject to
further analysis.

b-glucuronidase (GUS) histochemical assays

Histochemical GUS assays were performed on transgenic Ara-
bidopsis expressing PDLP8pro::GUS and AtACBP6pro::GUS.
Different tissues from transgenic PDLP8pro::GUS and
AtACBP6pro::GUS Arabidopsis T2 lines were stained with GUS
staining solution (100 mM sodium phosphate buffer, pH 7.0,
0.1% Triton X-100, 2 mM potassium ferricyanide, 2 mM potas-
sium ferrocyanide and 1 mg ml¡1 5-bromo-4-chloro-3-indolyl-
b-D-glucuronide). Transgenic samples and the vector-trans-
formed control plants were vacuum-infiltrated in GUS staining
buffer for 1 h, followed by a 2-h incubation at room tempera-
ture. Chlorophyll was removed using 70% ethanol as described
by Zheng et al. (2012).24

Western blot analysis

Phloem exudate proteins were extracted from 5-week-old Ara-
bidopsis for western blot analysis as previously described.28

Protein concentration was determined by the Bradford assay
and 20 mg of total protein were loaded for SDS-PAGE, followed
by blotting to Hybond-C membrane (Amersham) with the
Trans-Blot Cell (BioRad). The blots were incubated with rabbit
polyclonal antibodies raised against a synthetic peptide
(VEGKSSEEAMNDY) corresponding to amino acids 63–75 of
AtACBP6.29 Detection of immunoreactive signals was carried
out using the ECLTM Western Blotting Detection Reagents
(Amersham) according to the manufacturer’s instructions. The
intensities of immunoreactive bands were densitometrically
quantified using the gel-analyzer function of ImageJ software
v.1.46 (National Institutes of Health, USA).
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