Protoplasma (2011) 248:39-60
DOI 10.1007/s00709-010-0217-6

REVIEW ARTICLE

Plasmodesmata viewed as specialised membrane

adhesion sites

Jens Tilsner - Khalid Amari - Lesley Torrance

Received: 4 August 2010 / Accepted: 27 September 2010 /Published online: 12 October 2010

© Springer-Verlag 2010

Abstract A significant amount of work has been expended
to identify the elusive components of plasmodesmata (PD)
to help understand their structure, as well as how proteins
are targeted to them. This review focuses on the role that
lipid membranes may play in defining PD both structurally
and as subcellular targeting addresses. Parallels are drawn
to findings in other areas of research which focus on the
lateral segregation of membrane domains and the genera-
tion of three-dimensional organellar shapes from flat lipid
bilayers. We conclude that consideration of the protein—
lipid interactions in cell biological studies of PD compo-
nents and PD-targeted proteins may yield new insights into
some of the many open questions regarding these unique
structures.
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Abbreviations

DRM  Detergent resistant membrane
DT Desmotubule

EM Electron microscopy

ER Endoplasmic reticulum

GFP Green fluorescent protein

GPI Glycosyl phosphatidyl inositol

Lg Liquid-disordered
L, Liquid-ordered
MP Movement protein

PD Plasmodesma(ta)

PDLP  Plasmodesmata-located protein
PDCB Pd callose binding protein

PIP Phosphatidylinositol phosphate
PMTV  Potato mop-top virus

PVX Potato virus X

S Solid-ordered

TMD Transmembrane domain
™V Tobacco mosaic virus
Introduction

Plasmodesmata (PD) are membrane-rich structures that are
characterised by a close association of two cellular
membrane systems: the plasma membrane and the endo-
plasmic reticulum (ER), which within PD forms a narrow
rod called the desmotubule (DT; Maule 2008). However,
the role that the lipid environment within these membranes
plays in plasmodesmal structure and function, as well as
protein targeting to PD has so far received little attention.
This despite a majority of identified PD proteins being
either integrally or peripherally membrane-associated, or
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utilising the secretory route through the endomembrane
system for delivery to PD (Table 1).

The study of membranes and their associated proteins
has been slow partly because of the problems inherent in
investigating the hydrophobic lipid phase with laboratory
techniques that have mostly been developed to study

proteins in aqueous media (Mouritsen 2010; von Heijne

2006). But although our understanding of protein—lipid

Table 1 Membrane association of PD-localised proteins

interactions in biological membranes is far from complete,
accumulating evidence shows that membrane proteins
preferentially associate with specific membrane lipids and
that the biophysical properties of lipid environments

Protein Membrane association Reference

Actin® Cytoplasmic, can be membrane-tethered White et al. 1994; Blackman
and Overall 1998

Ubiquitin® Cytoplasmic Ehlers et al. 1996

Centrin® Cytoplasmic Blackman et al. 1999

Putrescine-N-methyltransferase Cytoplasmic Escobar et al. 2003

Monodehydroascorbate reductase Cytoplasmic Escobar et al. 2003

Centrin® Cytoplasmic Blackman et al. 1999

MAP65-5 MTB

PAPK (PD associated protein kinase,
casein kinase I family)
Tropomyosin-like®

Pathogenesis-related protein PRms
PME

Calreticulin

Callose synthase-associated protein®

Myosin®

ATM1 (class VIII myosin)

Putative NADH dehydrogenase
subunit
Rabl1b

Class 1 reversibly-glycosylated
polypeptides

Remorin

(-1,3-glucanase
PDCBI1

Connexin-like*

Calcium-dependent protein kinase®

CRINKLY#4 (receptor kinase)
PDLP1

Receptor-like kinases

Cytoplasmic but may be membrane-associated at the cell plate

Cytoplasmic (granules)

Cytoplasmic, no direct homologs in plants

ER lumenal (?), signal peptide
Secreted to apoplast via endomembrane system, signal peptide

ER lumenal (signal peptide, ER retention signal), possibly also
plasma membrane-associated and non-membrane populations

Membrane associated

Membrane-tethered, antibody not class specific

Plasma membrane tethered

Mitochondrial membrane associated

Membrane associated

Peripheral membrane association with cytosolic face of
Golgi and plasma membrane, secretory pathway-dependent
delivery to PD

Peripheral membrane association with cytosolic face of
plasma membrane, lipid raft association

GPI-anchored

GPI-anchored

Transmembrane protein in animal plasma membrane
(gap junctions), antibody specific for cytoplasmic domain,
no direct homologs in plants

Probably transmembrane protein (membrane associated, not
extractable by salt or Triton X-100 (possibly in lipid rafts)
but by sodium dodecyl sulphate)

Plasma membrane transmembrane protein possibly in lipid rafts

Plasma membrane transmembrane protein, secretory
pathway-dependent delivery to PD
Plasma membrane transmembrane proteins, possibly in lipid rafts

Van Damme et al. 2004
Lee et al. 2005

Faulkner et al. 2009

Murillo et al. 1997;
Bortolotti et al. 2005

Dorokhov et al. 1999;
Chen et al. 2000

Baluska et al. 1999;
Chen et al. 2005

Delmer et al. 1993

Blackman and Overall 1998
(anti-mung bean myosin),
Radford and White 1998
(anti-animal myosin)

Reichelt et al. 1999

Escobar et al. 2003

Escobar et al. 2003

Sagi et al. 2005;
Zavaliev et al. 2010

Raffaele et al. 2009

Levy et al. 2007
Simpson et al. 2009

Yahalom et al. 1991

Yahalom et al. 1998

Tian et al. 2007
Thomas et al. 2008

C. Faulkner, A.J. Maule,
personal communication

? Identifications based on antibody specificity or biochemical characterisation only, no genetic identification
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facilitate specific protein—protein interactions and protein
intracellular targeting, structure and function (Dowhan and
Bogdanov 2009; Hancock 2006; Hurley and Meyer 2001;
Jacobson et al. 2007; Janmey and Kinnunen 2006; Kusumi
and Suzuki 2005; Sprong et al. 2001; Stahelin 2009). In
other words, ‘proteins and lipids make up indissociable
parts of an intricate sorting machinery’ (Sprong et al. 2001).
Protein—lipid interactions are also responsible for the
generation of membrane curvature and thus the shape of
organelles (Voeltz and Prinz 2007). Therefore, the mem-
brane domains characteristic for PD, i.e. their hydrophobic
protein—protein and protein—lipid interactions, can be
viewed as defining them both structurally and as subcellular
targeting addresses. Consequently, it might for instance be
more useful to ask what defines the membrane domain that
a plant viral movement protein (MP) associates with rather
than to search for a specific ‘receptor’, i.e. a unique
protein—protein interaction. This review summarises what
is known about the membranes in plasmodesmata and
places these data into the context of recent research on
protein—lipid interactions and membrane shaping in other
arecas of cell biology, as well as highlighting some
experimental approaches that may be applicable to the
study of PD structure and function. The properties of the
plasma membrane at PD and the putative role of lipid rafts
are discussed first, then the structure and function of the
desmotubule and its role in virus movement, followed by a
consideration of the establishment of desmotubular ER-
plasma membrane adhesion sites during PD biogenesis.

Lipid rafts and the PD plasma membrane

Continuity and lateral heterogeneity of the plasma
membrane in PD

Electron microscopy (EM) has shown that the plasma
membrane, cytosol, and ER are all intercellularly connected
through PD, but this does not necessarily mean that these
compartments continue homogenously across the cell
boundary. What evidence is there regarding the similarity
or difference of the plasma membrane at PD to the
surrounding plasmalemma? Little is known about the
constituents of PD and such data are mostly indirect, but
they do indicate that the plasma membrane within the
plasmodesmal pore differs from its surroundings. In
electron micrographs, globular proteins can often be seen
to cover the surface of the PD plasma membrane (Blackman
and Overall 2001; Botha et al. 1993; Botha and Cross
2000; Ding et al. 1992; Ehlers and Kollmann 2001; Overall
and Blackman 1996; Robards 1968a) and immuno-gold
localisation of plasma membrane H'-ATPase detected the
protein in pit fields, but it was excluded from the inside of

PD (Fleurat-Lessard et al. 1995). These data show that the
plasma membrane lining the pore is distinct morphologi-
cally and in its protein composition, but there are also
functional differences.

In photobleaching studies in soybean root cell suspension
culture with a fluorescently labelled sphingolipid that parti-
tions predominantly to the outer leaflet of the plasma
membrane, the plasma membrane within PD formed a barrier
for lipid diffusion (Grabski et al. 1993). On the other hand, a
thioredoxin (Trx 79) was recently identified that can move
intercellularly in Arabidopsis roots. Trafficking probably
occurred in a plasma membrane-associated manner as it
required peripheral association with the cytoplasmic face of
the plasma membrane via putative myristoylation and
palmitoylation motifs (Meng et al. 2010). Also, sucrose
transmembrane transporters localised in the plasma mem-
brane of phloem sieve elements are probably delivered
through PD from the companion cells (Kiihn et al. 1997;
Lalonde et al. 2003), although intercellular transport may be
ER associated, with secretion to the plasma membrane taking
place in the sieve element (Oparka and Turgeon 1999;
Wright and Oparka 2006).

Protein targeting to the PD plasma membrane

Recently, an integral membrane protein localising to the
plasma membrane within PD was identified (plasmodesmata-
located protein 1=PDLP1; Thomas et al. 2008). Intriguingly,
the single transmembrane domain (TMD) of PDLP1 is
sufficient to target a fused fluorescent protein to PD via the
Brefeldin A-sensitive secretory pathway. PD targeting of the
isolated TMD shows that lipophilic protein interactions or
co-sorting into membrane microdomains specify the PD
plasma membrane as a subcellular targeting address. How-
ever, whilst secretory delivery may occur close to PD (Rinne
et al. 2001), the actual channel is probably too narrow for
vesicle docking and fusion events, and no indications of
endo- or exocytosis within PD have ever been observed in
EM. Therefore, the PDLP1 TMD must reach its final
localisation through lateral diffusion and anchoring in the
PD-specific part of the plasma membrane, indicating that it
does have unique features (Lucas et al. 2009).

One mechanism for sorting of single-pass transmembrane
proteins to the plasma membrane is based on the length of their
TMD. As the membranes along the secretory pathway from the
ER to the plasma membrane increase in thickness, ER-resident
single-pass transmembrane proteins tend to have shorter, and
plasma membrane-resident proteins longer TMD (Brandizzi et
al. 2002; Mitra et al. 2004; Ronchi et al. 2008). In agreement
with this, C-terminal shortening of the 21 amino acid PDLP1
TMD to 18 residues resulted in retention in the ER (Thomas
et al. 2008). However, analysis of mutants individually
substituting residues 19-21 with alanine (maintaining non-
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polarity) identified the penultimate valine 20 as essential for
PD targeting. Therefore, specific protein—lipid, or hydrophobic
protein—protein interactions within membranes are necessary
for targeting, rather than TMD length per se. Bioinformatic
analysis of the conserved TMDs of PDLPs from a range of
plant species has identified several highly conserved residues
including Val20 as well as Ala2 and Gly6 (K. Amari and C.
Ritzenthaler, unpublished data). These three residues all face
the same side of the helical wheel of the TMD. Additionally,
Ala2 and Gly6 form a putative ‘smXXXsm’ motif (where sm
designates a small residue, either Gly, Ala or Ser; Lemmon et
al. 1992) which facilitates TMD interhelix interactions by
permitting extensive van der Waals contacts (Senes et al.
2004). The ‘smXXXsm’ motifs function mostly in homo-
oligomerization, but can also be involved in hetero-
dimerization (Ciczora et al. 2007). PD-localised, full-length
PDLP1 shows homotypic interactions in fluorescence reso-
nance energy transfer experiments (K. Amari and C.
Ritzenthaler, unpublished data), but it is not yet clear if the
TMD, and specifically Val20 is necessary for the interaction,
and if oligomerisation is required for PD targeting. In the
Val20Ala mutant, the TMD was retained in the ER, i.e. TMD
delivery to the plasma membrane was affected, rather than
sorting within the plasma membrane. If mutants could be
identified in which the TMD is still transported to the
plasma membrane but does not localise to PD, these would
enable to also dissect the lateral sorting to PD.

Lipid raft formation and function

The most important concept dealing with lateral heteroge-
neity of the plasma membrane is that of ‘lipid rafts’
(Bagatolli et al. 2010; Bhat and Panstruga 2005; Hancock
2006; Jacobson et al. 2007; Kusumi and Suzuki 2005;
Lichtenberg et al. 2005; Lingwood and Simons 2010;
Mouritsen 2010; Pike 2009). Biological membranes contain
a variety of different lipids. According to the raft
hypothesis, these do not form a homogenous mixture.
Rather, saturated phospholipids—mostly sphingolipids—
segregate into domains which adopt a more tightly
packed, ‘liquid-ordered’ (L,) phase. By contrast, the bulk
membrane, consisting mostly of unsaturated glycero-
phospholipids with acyl chains kinked at cis-double bonds,
is in a less tightly packed ‘liquid-disordered’ (Lg4) state.
Importantly, the L, phase is not a gel (=‘solid-ordered’, S,)
phase, but an intermediate phase that depends on the
presence of sterols and is thought to share the lipid acyl
chain order of the S, state while only reducing lateral
diffusion rates by two- to threefold compared with Lg4
(Hancock 2006; Mouritsen 2010; van Meer et al. 2008).
Membrane phase transition is temperature-dependent, with
lower temperatures favouring raft formation. The classic
lipid raft model viewed these L, phases as stable,
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macroscopic domains into which specific proteins would
segregate. However, more recently, rafts are thought to be
highly dynamic entities (see below).

The standard biochemical method for identifying raft-
associated proteins has been the isolation of detergent resistant
membrane (DRM) fractions (Lichtenberg et al. 2005). Treat-
ment of biological membranes with the mild, non-ionic
detergent Triton X-100 at 4°C solubilises the unsaturated
phospholipids, but not the sphingolipid- and sterol-enriched
DRM fractions which remain floating on sucrose density
gradients. Proteins associating with DRMs were viewed as
raft-associated and a relatively good agreement between
studies has resulted in a high level of confidence in the
approach. DRM preparations include ~10% of bulk plasma
membrane proteins (Mongrand et al. 2004) and consistently
contain certain classes of proteins (Bhat and Panstruga 2005;
Borner et al. 2005; Kierszniowska et al. 2009; Mongrand et
al. 2004; Pike 2009). These include glycosyl-phosphatidyl
inositol (GPI)-anchored proteins, which are secreted proteins
that remain associated with the outer leaflet of the plasma
membrane through their lipid anchor.

However, the concept of pre-existing, stable lipid rafts in
the plasma membranes of living cells has provoked much
debate because of the instability (half life<1 ms) and small
size (10-20 nm) of L, domains forming in in vitro systems
under physiological conditions and the resulting difficulty
to study them in vivo. As a result, recent work on lipid rafts
has focussed more on imaging techniques that allow the
quantitation of biomolecular interactions and diffusion rates
and the tracking of sub-resolution fluorescent particles. This
led to a refined raft concept (Bagatolli et al. 2010; Hancock
2006; Jacobson et al. 2007; Kusumi and Suzuki 2005;
Lichtenberg et al. 2005; Lingwood and Simons 2010; Pike
2009) which views them as “small (10-200 nm), heteroge-
neous, highly dynamic, sterol- and sphingolipid-enriched
domains that compartmentalise cellular processes” (Pike
2006).

According to this model (Fig. 1a), spontaneously forming
L, domains remain small and short-lived unless they are
stabilised. Stabilisation is mediated by the saturated lipid
anchors and transmembrane domains of proteins, both of
which favour interactions with specific membrane lipids.
Membrane proteins thus distribute along a continuous
spectrum of raft-stabilising effects which is reflected in their
DRM association. Transmembrane domains initially segre-
gate into the L,—L4 phase boundary layer, acting as
surfactants that reduce line tension (Hancock 2006). Addi-
tional stabilisation can then be achieved through interactions
between raft proteins and the resulting size increase of the
combined captured L, phases, which further reduces line
tension per area unit. Furthermore, the increased lifetime of
the stabilised raft allows for longer diffusion distances and
increased chances of encountering more stabilising proteins.
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Fig. 1 The lipid raft model applied to the plasma membrane in the
plasmodesmal channel. a Small (~10-20 nm) liquid-ordered (L,)
domains can form spontaneously in the plasma membrane. Their
lifetime remains in the sub-millisecond range (bl/ue) unless they are
stabilised by proteins (hexagons). Association of a protein with,
initially, the phase boundary between liquid-ordered and liquid-
disordered (Lq) membrane areas increases the lifetime of the raft
(green) and thereby also the distance it can travel in the membrane and
the chance of encountering other proteins. Protein-protein interactions
can then further stabilise the raft (vellow), enclosing the proteins in the
L, phase. Rafts containing several interacting proteins can be
stabilised for several seconds (red) and reach sizes of 100-200 nm.

Under these circumstances, rafts of ~200 nm diameter and
with life times >1 s can form.

In biological membranes, which are nearly saturated
with proteins and strongly compartmentalised for lateral
diffusion (see below), complete L,—L4 phase separation of
the entire membrane could theoretically occur. It is thought
that continuous endocytosis is the main factor preventing
this (Hancock 2006; Hanzal-Bayer and Hancock 2007;
Helms and Zurzolo 2004, Parton and Richards 2003).
Continuous spontaneous formation, stabilisation and disso-
ciation results in a great heterogeneity of rafts, rather than a
uniform compartment gathering DRM proteins (Hancock
2006; Jacobson et al. 2007; Kusumi and Suzuki 2005;
Lichtenberg et al. 2005; Lingwood and Simons 2010; Pike
2009). Various biological functions have been attributed to
lipid rafts (Bhat and Panstruga 2005; Hancock 2006; Hanzal-
Bayer and Hancock 2007; Helms and Zurzolo 2004; Pike
2009) and it now appears that most of these (including the
function as signalling ‘platforms’ in various pathways) are
associated with small, short-lived rafts. In contrast, larger,
more stable domains are limited to specialised functions such
as endocytosis, caveolae and T-cell synapses (Hancock
20006).

In the plasmodesmal plasma membrane (right side), a high density of
raft proteins which are anchored to the cell wall and underlying
cytoskeleton, including callose-anchored GPI-proteins providing fixed
seeds for spontaneous raft formation (brown hexagons), increases the
probability that raft lipids dissociating from the L, phase will
encounter another raft immediately und leads to an overall enrichment
(‘trapping’) of rafts in the PD channel (modified after Hancock 2006).
b The plant-specific protein remorin forms 70-80 nm clusters on the
cytosolic face of the plasma membrane in a sterol-dependent manner.
(from Raftfaele et al. 2009). ¢ Purified remorin oligomerises into
tubules with a diameter of 4-8 nm in vitro (from Bariola et al. 2004)

Accumulating evidence for the existence of lipid rafts in PD

Could lipid rafts play a role in distinguishing the PD plasma
membrane from the surrounding plasmalemma? Recently, it
was shown that remorin, a member of a plant-specific protein
family, is associated with the cytosolic face of the plasma
membrane and clusters on detergent-resistant membrane
patches ca. 75 nm across, consistent with a raft association
(Fig. 1b; Raffaele et al. 2009). Sterol depletion of plasma
membrane preparations abolished clustering, but not mem-
brane association of remorin. In vivo localisation of remorin
by fluorescence microscopy showed that the protein labelled
punctae on the plasma membrane, but was also enriched
within PD (Raffaele et al. 2009) indicating the presence of
lipid rafts within the channel. In agreement with this, two of
the PD-localised proteins identified so far are GPI-anchored.
One of these is a [3-1,3-glucanase probably involved in
breakdown of the cell wall polysaccharide callose which
contributes to regulating PD channel constriction (Roberts
and Oparka 2003; Epel 2009), the other a protein that binds
callose but without any apparent enzymatic activity, called
PD callose-binding proteinl (PDCBI, Simpson et al. 2009).
In mature plant cells, callose is found predominantly in the
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neck region around the plasmodesmal orifice and it was
suggested that PDCB1 could function in anchoring the
plasma membrane to the cell wall (Simpson et al. 2009).
Applying the lipid raft model in this context allows us to
expand on this interpretation (Fig. 1a): The GPI anchor of
PDCBI is expected to capture L, domains. Since the protein
is locally enriched and positionally fixed at PD through
callose binding, this increases the chances of rafts becoming
trapped and stabilised in the vicinity, leading to their merging
and further stabilisation. Under these circumstances, rafts of
~200 nm diameter can form, which have the same surface
area as a PD channel with a diameter of 50 and a length of
200 nm. Furthermore, endocytosis—a main factor-limiting
raft size—probably does not occur in the pore. Thus, it is
possible that the entire plasma membrane surface of PD
could consist of trapped L, domains, constituting not a stable
structure but a dynamic local enrichment zone.

Lipid rafts and PD targeting and function

If a large percentage of the plasma membrane within PD
consists of L, domains, they could play a role in local-
isation of transmembrane proteins to PD. However, the
heterogeneity of lipid rafts (Pike 2006) implies that not all
raft-associated proteins would also localise to PD. For
instance, the plasma membrane H'-ATPase is often found
in DRM preparations (Bhat and Panstruga 2005; Borner et
al. 2005), but excluded from PD (Fleurat-Lessard et al.
1995) and PD targeting probably also requires specific
protein—protein interactions. For PDLP proteins, there is
currently no evidence for or against a raft-association and it
might be interesting to test their fractionation into DRMs
and identify the affinity of the conserved TMD to different
membrane lipids in vitro. If PDLPs do not associate with
DRMs, they could still be raft-localised through hydropho-
bic protein—protein interactions of the TMD with L,-
stabilising proteins. Sphingolipids and sterols are synthes-
ised in the endomembrane system and L, domains already
begin to segregate on the inside of trans-Golgi and exocytic
vesicles (Hanzal-Bayer and Hancock 2007; Helms and
Zurzolo 2004; Laloi et al. 2007; van Meer and Sprong
2004). Therefore, it may not be possible to identify
mutations in the PDLP1 TMD that separate delivery to
the plasma membrane from lateral sorting to PD because
targeting would have already been disrupted within the
secretory pathway. Instead, the effects of sterol- and
sphingolipid-synthesis mutants (e.g. Diener et al. 2000;
Gechev et al. 2004, 2008; Wang et al. 2008) and the
sphingolipid biosynthesis inhibitor fenpropimorph (Laloi et
al. 2007) on PDLP1 TMD targeting could be tested. Also,
identifying PDLP TMDe-interacting proteins within the
endomembrane system may lead to identification of factors
involved in the secretory targeting route to PD.
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Interestingly, all eight Arabidopsis PDLP proteins have
been found to interact with the tubule-forming movement
proteins of grapevine fanleaf and cauliflower mosaic
viruses in vivo as well as to co-localise with the
cytoplasmically exposed base of the tubules. Inhibition of
the secretory pathway, which interferes with PDLP local-
isation, also disrupted tubule formation and simultaneous
knockout of three PDLP isoforms reduced tubule formation
by 46% and delayed virus infection. Thus, PDLP proteins
appear to act as receptors for these MPs (Amari et al. 2010).
As the cytoplasmic C-terminus of the PDLPs is very
variable, the conserved TMD is the most likely site of
contact, again indicating that protein—protein interactions
within membranes are important for PD targeting.

Lipid rafts are also viewed as signalling hubs and often
contain receptor-like kinases (Bhat and Panstruga 2005,
Kierszniowska et al. 2009; Pike 2009; Shahollari et al.
2004). Consistent with a view of PD as important gate-
keepers in plant intercellular communication (Lucas et al.
2009; Maule 2008; Roberts and Oparka 2003) and the
presence of lipid rafts in the channel, the receptor tyrosine
kinase CRINKLY4 is enriched in the PD of specific cell-
cell interfaces (Tian et al. 2007). Moreover, the proteomic
screen that yielded PDLP1 and PDCBI has identified a
number of additional transmembrane proteins as targeted to
PDs, including some receptor-like kinases (C. Faulkner, A.
J. Maule, personal communication; see review in this
issue). Therefore, it appears that in addition to a role in
defining PD structurally and as subcellular targeting
addresses, lipid rafts could also be important for their
functions in cell-cell communication.

A potential scaffolding role for remorin at PD

Remorin associates with the plasma membrane despite
being strongly hydrophilic, it homo-oligomerises, and the
purified protein forms filaments in vitro and possibly in
vivo (Fig. lc; Bariola et al. 2004). This behaviour
resembles caveolins, the key structural components of
caveolae, which are large, invaginated raft domains that
function in endocytosis, plasma membrane-cytoskeleton
anchoring and cellular signalling (Hansen and Nichols
2010). Caveolae are absent in plants, but the biochemical
similarities and raft-association of remorins indicate that
they could function as scaffolding proteins (Lefebvre et al.
2010), stabilising lipid rafts on their cytoplasmic face and
mediating protein interactions. The plasma membrane and
ER (desmotubule) in PD are connected through protein
‘spokes’ attached to both membranes (Overall and Blackman
1996; Botha et al. 1993; Ding et al. 1992; Ehlers and
Kollmann 2001; Overall et al. 1982), which have been
interpreted as class VIII myosins (Overall and Blackman
1996; but see detailed discussion below). One function of
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lipid rafts is the anchoring of the plasma membrane to the
underlying cytoskeleton (Bhat and Panstruga 2005; Kusumi
and Suzuki 2005; Pike 2009; Simpson-Holley et al. 2002).
The occurrence of a raft-associated putative scaffolding
protein within PD makes it tempting to speculate that
remorin could be directly or indirectly involved in anchoring
the spokes on the plasma membrane side.

Remorin interacts with the triple gene block (TGB)I1
movement protein of potato virus X and influences viral
cell-to-cell transport: overexpression reduces, whilst knock-
down enhances movement (Raffaele et al. 2009). The authors
hypothesised that remorin binding might titrate TGBI-
containing ribonucleoprotein complexes out of the pool
available for cell-to-cell transport. But another interpretation
is that conversely TGB1 binding to remorin could block
interaction surfaces involved in stabilising plasmodesmata.
In a fully turgid plant cell, the cell wall counterbalances the
osmotic pressure of the protoplast. Although the inherent
stability of the wall accounts for most of this counterforce,
turgor pressure could presumably lead to a slight dilation
of the pore if the spokes were untethered and this could
underlie the gating capability (Howard et al. 2004) of
TGBI1. If TGBI1-mediated PD dilation depended on
quantitative occupation of remorin interaction surfaces,
then overexpression of remorin would require more, and
knock-down less TGB1 to achieve the same degree of PD
gating, explaining the dosage effect on virus movement.
Answering these open questions will require analysis of
the mechanism by which the highly hydrophilic remorin
protein binds to the plasma membrane, testing of its ability
to stabilise L, domains in vitro and identification of its
cytosolic binding partners.

The diffusion barrier in the plasmodesmal plasma membrane

An enrichment of lipid rafts in the plasma membrane at the
neck of and within PD could contribute to protein PD
targeting and the structural integrity of the pore. But
because the L, phase reduces lateral diffusion of membrane
lipids only by two- to threefold, additional factors must
play a role in the ability of the PD plasma membrane to act
as a barrier to lateral diffusion. A possible explanation is
provided by a lateral compartmentation mechanism acting
within the plasma membrane termed the ‘picket fence’
model (Auth and Gov 2009; Jacobson et al. 2007; Kusumi
et al. 2005; Kusumi and Suzuki 2005). According to this
model, a high density of TM proteins (‘pickets’) that are
anchored to the underlying cytoskeleton (‘fence’) and/or the
extracellular matrix (i.e. the cell wall in plants) divide the
plasma membrane into small compartments a few tens or
hundreds of nanometers across. These compartments
restrict mobility of non-anchored membrane components
because lateral escape of lipids and proteins requires ‘hop

diffusion’ across the barriers. Within PD, the inner leaflet of
the plasma membrane contains a high density of embedded
globular proteins linked to the DT through the protein
spokes (Overall and Blackman 1996; Botha et al. 1993;
Ding et al. 1992; Ehlers and Kollmann 2001; Overall et al.
1982) as well as cell wall-anchored membrane proteins
(PDCBI1 and probably others). In some electron micro-
graphs, proteinaceous rings or spokes can also be observed
enclosing the apoplastic face of the plasma membrane or
linking it to the cell wall (Badelt et al. 1994; Overall and
Blackman 1996; Cook et al. 1997). These structural
features probably contribute to the restricted lateral diffu-
sion within the plasmodesmal plasma membrane.

Membrane curvature and the desmotubule
The structure of the desmotubule

The unique nature of the desmotubular ER within PD is
apparent from electron micrographs, where the DT appears
as a tubule approximately 15-20 nm in diameter (Fig. 2a)
which usually contains a dark, proteinaceous ‘central rod’
in the lumen (Overall and Blackman 1996; Botha and Cross
2000; Botha et al. 1993; Ding et al. 1992; Ehlers and
Kollmann 2001; Hepler 1982), and a ring of helically
arranged globular proteins on the outside (Overall and
Blackman 1996; Botha et al. 1993; Ding et al. 1992; Ehlers
and Kollmann 2001; Hepler 1982; Overall et al. 1982;
Robards 1968a; Robinson-Beers and Evert 1991). The
latter are linked to proteins on the plasma membrane via
spoke-like extensions (Botha and Cross 2000; Botha et al.
1993; Ding et al. 1992; Ehlers and Kollmann 2001;
Robards 1968a; Robinson-Beers and Evert 1991; Schulz
1995). Subtracting the globular proteins, the diameter of the
DT membrane tubule is between <10 and 15 nm, which
may well make it the most strongly constricted lipid bilayer
known in nature. Early electron microscopists even doubted
whether such a structure could contain a membrane at all
and the name ‘desmotubule’ thus derives from a structural
comparison with microtubules (Robards 1968a, b). Today,
it is clear that the DT is physically continuous with the
cortical ER on both sides of the pore (Hawes et al. 1981;
Hepler 1982; Oparka et al. 1994) and transport studies with
endomembrane dyes (Grabski et al. 1993; Martens et al.
2006), transmembrane and lumenal green fluorescent
protein (GFP) fusion proteins (Guenoune-Gelbart et al.
2008; Oparka et al. 1999), as well as peptides and dextrans
microinjected into the ER lumen (Cantrill et al. 1999) have
all shown that both the membrane and lumenal space
continue uninterrupted across the cell boundary. This poses
the question ‘How and why is this energetically unfavour-
able membrane curvature maintained?’.

@ Springer



46

J. Tilsner et al.

Fig. 2 Constriction of the desmotubule. a Staining of the ER lumen in
maize root meristem cells by zinc iodide/osmium tetroxide. The
extreme constriction of the desmotubule compared with the cortical
ER is apparent. Bar=250 nm (Image courtesy of C. Hawes, Oxford
Brookes University). Narrow membrane tubules like this can be
formed by a number of mechanisms: a greater number of cylindrical
lipid molecules (e.g. phosphatidylcholine) in the outer leaflet (b),
which may be achieved through the action of a ‘flippase’ lipid
transporter (Holthuis and Levine 2005). Preferential sorting or
generation of lipids with large head groups (i.e. phosphoinositides or
lysophospholipids, which are missing one acyl chain due to the action
of a phospholipase A) in the outer, and of cone-shaped lipids (i.e.
diacylglycerol or phosphatidylethanolamine) in the inner monolayer

Generation and stabilisation of membrane curvature

A homogenous, unconstricted lipid bilayer in an aqueous
medium would normally form a symmetrical sphere. Tubules,
sheets (flattened spheres) and other membrane shapes encoun-
tered in cells require the generation of additional positive
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(¢), again possibly assisted by the activity of specific ‘flippases’.
Insertion of protein amphipathic helix ‘wedges’ into the outer leaflet
(d) or of kinked helices (‘re-entrant loops”) that can penetrate into the
bilayer to different extends (e) increases the area of the cytoplasmic
monolayer, leading to positive curvature. Proteins can assemble into
scaffolds on the outside (cytoplasmic face, f) or inside (endomem-
brane lumen, g) of the membrane and bend it by oligomerising into a
rigid cage structure (f) or having a curved membrane contact surface
(g), or both. Scaffolds can be bound to the membrane through
transmembrane domains, insertion of re-entrant loops or amphipathic
helices, lipid anchors (black in f), polar interactions with lipid head
groups, or any combination of these. Note that often several curvature-
inducing mechanisms work cooperatively

(away from the cytoplasm) or negative (towards the cyto-
plasm) curvature. Asymmetries in the specific lipids compris-
ing the monolayer leaflets can induce curvature, but the stable
maintenance of membrane shapes requires the interaction with
proteins (Fig. 2b—g; Shibata et al. 2009; van Meer and Sprong
2004; Voeltz and Prinz 2007). In recent years, an ever-
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increasing number of proteins have been found to influence
membrane curvature. Some of the common mechanisms are
illustrated in Fig. 2, but a full overview is beyond the scope
of this review (see instead Bauer and Pelkmans 2006; Cory
and Cullen 2007; Drin and Antonny 2010; Farsad and De
Camilli 2003; Frost et al. 2009; Itoh and Takenawa 2009;
Praefcke and McMahon 2004; Voeltz and Prinz 2007).
Generally, narrower constriction of membranes requires
tighter, more rigid protein—protein interactions. Hu et al.
(2008) have calculated that a non-bulging (straight) tubule
with a diameter of 17.4 nm requires constricting protein rings
no more than 2 nm apart. A structure as narrow as the DT
therefore needs to be maintained by a protein scaffold along
its entire length. In agreement with this, Tilney et al. (1991)
found that the DT in fern gametophytes was resistant to
extraction with the mild detergent Triton X-100, but not to
protease. By contrast, boiling of wall preparations in Triton
X-100, but also in urea, CHAPS (3-[(3-cholamidopropyl)
dimethyl-ammonio] 1-propane-sulphonate) or the strong ionic
detergent SDS (sodium dodecyl sulphate) extracted proteins
from PD and led to a disappearance of all internal
substructure (Turner et al. 1994).

Are reticulons and DP1/Yopl proteins sufficient to shape
the desmotubule?

The identities of proteins constricting the DT are unknown,
but two protein families that maintain tubule curvature in the
cortical ER, from which the DT is derived, have recently been
identified (Hu et al. 2008; Voeltz et al. 2006). These are the
reticulons and DP1/Yopl (deleted in polyposis 1/YIP (Ypt-
interacting protein) one partner 1) family proteins. Proteins
in both families contain two unusually long (~30-35
residues) hydrophobic helices that form re-entrant loops
(Hu et al. 2008; Sparkes et al. 2010; Voeltz et al. 2006),
inducing membrane curvature by the molecular wedge
principle (Fig. 2e). Arabidopsis has 21 reticulon homologs
(Nziengui et al. 2007; Sparkes et al. 2010), significantly
more than yeast or animals, possibly reflecting the diversity
of distinct functional domains of the plant ER (Sparkes et al.
2009a; Stachelin 1997). Only some of the plant reticulons
have so far been characterised (Nziengui et al. 2007; Sparkes
et al. 2010; Tolley et al. 2010) and it is unclear if any are
present in the DT or if some isoforms might even be PD-
specific. The reticulons have strong oligomerisation tenden-
cies which allow them to act as scaffolds that can stabilise as
well as induce membrane curvature (Shibata et al. 2008,
2009). They could probably induce sufficient curvature to
generate the extreme constriction of the DT as yeast Yopl
and Rtnl were able to deform a lipid bilayer into 15-17 nm
diameter tubules in vitro (Hu et al. 2008). Moreover, over-
expression of the plant reticulon RTNLBI3 constricted
cortical ER tubules so much that lumenal GFP was excluded

in vivo (Tolley et al. 2010), resembling behaviour of the DT
in many tissues (Crawford and Zambryski 2000; Martens et
al. 2006; Oparka et al. 1999 and see below).

However, a number of observations make it unlikely that
these are the only proteins contributing to DT structure. The
cortical ER connecting to the DT is also constricted, although
to a lesser extent (Fig. 2a). Either a higher density of
reticulons must be maintained in the DT or it needs to
contain unique reticulons/Yopl family proteins that must be
prevented from escaping laterally into the surrounding
endomembranes. It is likely that there are lateral diffusion
barriers at the ends of the DT and Overall and Blackman
(1996) have proposed that the calcium-dependent contractile
protein centrin (Blackman et al. 1999) may play a role in
regulating lateral connectivity of PD to the cytoplasm.
However, centrin itself is not membrane-associated and
would need interacting partners on the DT. The spokes
connecting the DT to the plasma membrane may also
contribute to maintaining membrane-constricting proteins
within PD, e.g. through interactions with reticulon cytoplas-
mic domains (Sparkes et al. 2010).

The central rod components within the DT lumen appear
to have thin connections to the globular proteins on the
cytoplasmic face of the DT, implying transmembrane
connections (Robards 1968a; Ding et al. 1992). Reticu-
lons/Yopls have no significant lumenal domains and are
thus unlikely to play any part in making up the central rod
(Sparkes et al. 2010; Voeltz et al. 2006). In animal cells, the
CLIMP-63 protein is an ER transmembrane protein that
forms lumenal scaffolds. Oligomerisation of the lumenal
domain is required to target CLIMP-63 to the tubular
cortical ER (Klopfenstein et al. 2001), but scaffold
formation probably does not contribute to tubule constric-
tion. The cytoplasmic domain of CLIMP-63 attaches the
animal ER to the microtubule cytoskeleton, and this
attachment is necessary to maintain a cortical ER network
(Vedrenne and Hauri 2006). Plants have no direct homologs
of CLIMP-63 but can be expected to possess similar
proteins for actin-anchoring of the ER, possibly also within
PD. CLIMP-63 protein may therefore give an indication of
the properties and domain structure required for compo-
nents of the central rod. Lastly, it can also be expected that
the DT membrane has a lipid composition that differs from
the cortical ER because differences in membrane curvature
lead to differential lipid sorting, an effect that is more
pronounced in the presence of proteins (Sorre et al. 2009).
Lipid-specific immuno-electron microscopy might be able
to identify major DT lipids in situ (see Downes et al. 2005).

Association of the cytoskeleton with the desmotubule

Apart from its strong constriction and rigid scaffolding, the
DT also differs from the surrounding ER in its association
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with the cytoskeleton. The plant cortical ER is closely
linked with actin microfilaments, and ER movement and
remodelling depends on the action of myosin motors
(Boevink et al. 1998; Sparkes et al. 2009a, c). There are
two classes of higher plant myosins, VIII and XI (Sparkes
2010), of which myosin XI-K is the isoform most important
for ER motility (Sparkes et al. 2009c; Sparkes 2010).
Myosin XI motors are similar to animal myosin V. Both
classes consist of a homodimer of heavy chains that interact
via a coiled coil domain and additionally bind several light
chain cofactors (Vale 2003). Each heavy chain has an N-
terminal motor domain of approximately 16.5x6.5x4 nm
(Rayment et al. 1993), followed by a neck region contain-
ing six light chain-binding IQ (isoleucine—glutamine)
motifs, the coiled-coil region and a globular tail domain
that binds membrane cargo (Avisar et al. 2009; Li and
Nebenfiihr 2007, 2008; Sparkes 2010; Vale 2003). The
neck region is more than 20 nm long, and the entire
molecule ~50 nm (Sakamoto et al. 2003). Even in a folded,
inhibited state myosin V is ~30 nm long and ~20 nm wide
(Li et al. 2006; Liu et al. 2006). Accordingly, EM studies
show parallel strands of ER and actin mostly separated by
10-100 nm gaps with only punctate closer contacts (Hepler
1982; Lichtscheidl et al. 1990; Staehelin 1997). By
comparison, PD are only about 50 nm in diameter, with
the cytoplasmic sleeve between the plasma membrane and
DT around ~10 nm in the neck region. It is obvious that the
DT cannot have a similar cytoskeletal scaffold as the
cortical ER. Nevertheless, both actin (White et al. 1994;
Blackman and Overall 1998) and myosin (Blackman and
Overall 1998; Radford and White 1998; Reichelt et al.
1999) have been immuno-localised along the PD pore and
appear to play a role in regulating PD transport (Avisar et
al. 2008; Baluska et al. 2001; Ding et al. 1996; Radford and
White 1998; Su et al. 2010; White et al. 1994).

Overall and Blackman (1996) have proposed that the
globular proteins encircling the DT in a helical arrangement
are actin molecules and the spokes are myosin. Single actin
fibres have a diameter of ~7 nm (Holmes et al. 1990),
which is larger than the globular proteins surrounding the
DT (2.5-4.5 nm; Botha et al. 1993; Ding et al. 1992;
Overall et al. 1982), but they constitute a double helix of
two strings of monomers. If the globular proteins of the DT
coat are indeed actin they would have to be bound directly
to or even embedded within the membrane and perhaps
arranged in an unusual conformation. Alternatively, the
effects of aldehyde fixation and/or osmium tetroxide and
tannic acid staining may have led to inaccurate size
estimates, as there are also disagreements over interpreting
electron-dense or electron-lucid material as proteinaceous
(Blackman and Overall 2001; Ding et al. 1992; Overall and
Blackman 1996). Antibodies specific to the animal actin-
stabilising protein tropomyosin have recently been found to
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label PD (Faulkner et al. 2009) even though no direct
tropomyosin homologs have been found in higher plants.
The specificity must be due to an actin-binding protein
because the antibodies also co-localised with microfila-
ments. Perhaps the detected protein plays a role in the
unusual membrane-attachment of actin within PD.

The PD-localised myosins belong to class VIII (Reichelt et
al. 1999) which are smaller than type XI with only three to
four 1Q motifs, a shorter coiled coil domain and a
characteristic C-terminus lacking a globular tail domain
(Volkmann et al. 2003; Avisar et al. 2009; Sparkes 2010).
However, as myosin motor domains are highly conserved
and based on primary sequence comparison, it is unlikely
that they are significantly shorter than ~20 nm. Thus, it
remains unclear how myosin VIII fits into the PD structure
as seen in electron microscopy. Its C-terminal domain
contains clusters of basic residues which might bind to
phospholipid headgroups (Knight and Kendrick-Jones 1993;
Volkmann et al. 2003). If the head domains bind actin on the
DT side, they might form part of the globular DT surface.
The C-terminal tails might then bind the plasma membrane,
with only the neck and coiled coil regions appearing as
spokes. Whilst the nature of the cytoskeletal association of
the desmotubular ER remains a matter of speculation, it is
apparent that it differs significantly from that of the cortical
ER.

Macromolecular trafficking through the desmotubule

Since the generation of the DT requires such extensive and
unique remodelling of the cortical ER, it constitutes one of the
defining features of PD, distinguishing them from other sites
of plasma membrane adhesion or membrane tubulation and
begs the question, “What is its function?” The most likely
answer is that it limits intercellular transport of lumenal and
membrane contents of the ER and provides mechanical
stability to PD. In budding yeast cells, a ring of the protein
septin constricts the ER and thereby slows the diffusion of
membrane proteins between mother and daughter cells
(Luedeke et al. 2005). In plants, both endomembrane markers
(Grabski et al. 1993; Martens et al. 2006) and non-protein
ER-lumenal tracers up to 10 kDa (Cantrill et al. 1999) move
cell-to-cell whereas GFP fusions targeted to the lumen show
only very limited movement (Crawford and Zambryski
2000; Guenoune-Gelbart et al. 2008; Martens et al. 2006;
Oparka et al. 1999). By contrast, GFP-fusions localised
within the ER membrane moved intercellularly in Nicotiana
benthamiana (Guenoune-Gelbart et al. 2008). This latter
result does not seem to support a function of DT constriction
in limiting cell-to-cell trafficking in the endomembrane
system. However, it has to be kept in mind that plants may
be able to modify DT constriction and different tissues and
experimental systems may vary considerably. In particular,
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N. benthamiana is known to facilitate more extensive
epidermal protein trafficking than closely related species
(Howard et al. 2004; Krishnamurty et al. 2002).

In some species, the DT can be unconstricted in the centre
of PD (Overall and Blackman 1996; Ding et al. 1992; Ehlers
and Kollmann 2001; Glockmann and Kollmann 1996;
Robinson-Beers and Evert 1991), or lack a central rod and
appear slightly widened (Waigmann et al. 1997). In
cytoplasmically sealed PD, it can even be either electron
lucid (i.e. depleted in proteins) or completely absent (Botha
and Cross 2000) whereas in other instances, PD may be
dilated without any change in DT diameter (Schulz 1995).
Ehlers and Kollmann (2001) have pointed out that in gating
studies based on transient expression of fluorescent fusion
proteins in epidermal cells, trafficking is usually observed
only laterally within the epidermis, and not into the
mesophyll. Ideally, trafficking studies should be combined
with ultrastructural analysis of the same tissue and cell
boundary. Unfortunately, this may be hard to implement
because EM studies often do not achieve transverse views of
PD with sufficient resolution and clarity to resolve DT
substructure and small changes in diameter or a central rod
may not be apparent depending on tissue preservation,
fixation and staining procedures.

A role of the desmotubule in stabilising PD

Removal of the DT from PD near cutting surfaces in fern
gametophytes by proteinase incubation resulted in pore
dilation and random outward bulging of the plasma
membrane in the central area (Tilney et al. 1991). The
authors concluded that the function of the DT was to
maintain the constriction of the PD channel. This is also
supported by the fact that the DT is often not constricted in
the dilated central cavities (Overall and Blackman 1996;
Ding et al. 1992; Ehlers and Kollmann 2001; Glockmann
and Kollmann 1996; Robinson-Beers and Evert 1991) but
is always constricted in the narrow neck regions which are
viewed as the areas where the size exclusion limit and
macromolecular trafficking are regulated (Blackman and
Overall 2001, Overall and Blackman 1996; Oparka 2004).
Opening of PD does not, however, seem to require a
removal of DT constriction (Moore et al. 1992; Schulz
1995). A possible explanation for this is that rigidity of the
DT rather than its constriction per se is required for
maintenance of PD structure. If the spokes are maintaining
the constriction of the cytoplasmic sleeve, they need to be
firmly attached to both the DT and the plasma membrane. A
loosening of the central rod and DT surface may then lead
to increased motility or detachment of the anchoring sites
on the DT, whilst only resulting in a moderate, hard to
detect increase of DT diameter due to the remaining
presence of reticulons (Fig. 3).

Actin and myosin localised in PD seem to be involved in
regulating pore aperture (Blackman and Overall 2001;
Overall and Blackman 1996; Oparka 2004). Specifically,
actin depolymerisation led to a widening of the neck region
in some species (White et al. 1994) and to an increased SEL
(Ding et al. 1996) and also seems to be used for gating by a
viral MP (Su et al. 2010). The myosin ATPase inhibitor 2,3-
butanedione monoxime (BDM) caused a contraction of the
PD neck region (Radford and White 1998). BDM stabilises
the actin-myosin-ADP-P; complex (Herrmann et al. 1992;
Zhao et al. 1995). Collectively, these data point to a role for
acto-myosin in maintaining PD constriction, although the
properties of myosin VIII as a molecular motor are
unknown and its identification with the PD spokes remains
unproven. Despite such uncertainties, the rigid scaffolding
of the DT probably enables it to function as the central
anchoring beam for PD constriction.

The desmotubule as a target for viral movement proteins
and a factor in PD gating

In addition to disruption of DT plasma membrane contacts in
the cytoplasmic sleeve, or induction of callose degradation
(Epel 2009), destabilisation of the DT structure is another
possible mechanism that may contribute to PD gating by
viral MP. If a rigid structure (DT and spokes) is required to
retain PD constriction, any protein—protein interaction that
quantitatively displaces components of this scaffold could
contribute to gating (Fig. 3). To disrupt the DT scaffold, viral
MPs would need to affect protein—lipid interactions or
protein—protein interactions within the DT membrane or
lumen and therefore have to be membrane-associated
themselves. They could also be expected to perturb
constricted membranes in general. Intriguingly, this is
exactly what is observed experimentally. Many viral MPs
are membrane-associated (Lucas 2006 and see references in
Martinez-Gil et al. 2009). The well-studied 30k MP of
tobacco mosaic virus (TMV) associates with the ER
(Heinlein et al. 1998) and induces the conversion of
membrane tubules into aggregates. At early stages of TMV
infection, at the height of 30k expression, this causes such
extreme disruption that the tubular network transiently
disappears altogether (Reichel and Beachy 1998). TMV
30k also penetrates into the DT as it localises to and remains
in the central cavity of branched PD (Moore et al. 1992;
Tomenius et al. 1987) and labels the sieve element ER
traversing sieve plate pores in the phloem (Fitzgibbon et al.
2010). A biochemical analyses of the 30k protein has
suggested that it is an integral membrane protein with two
transmembrane helices (Brill et al. 2000). However, in the
ilarvirus, prunus necrotic ringspot virus which encodes a
single MP belonging to the 30k superfamily (Melcher 2000),
extensive characterisation of its membrane interaction has
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Fig. 3 Model of possible gating mechanisms employed by viral
movement proteins. a In the non-gated state, constriction of the
desmotubule is maintained by a rigid protein scaffold. This scaffold
probably has elements within the DT lumen (the central rod) and some
electron micrographs appear to show links from the central rod to the
spokes in the cytoplasmic sleeve, implying transmembrane domains.
According to previous PD models (Overall and Blackman 1996) and
immunolocalisations, actin is shown associated with the DT, but only
monomers are small enough to match the globular proteins observed
by EM. The spokes are shown as myosin VIII (only monomers
depicted) neck domains. Whether reticulons are present in or excluded
from the DT membrane is unclear. Remorin is shown decorating the
cytoplasmic face of lipid rafts which are ‘trapped’ by PDCBI.
Because rafts are also viewed as anchoring points for the cytoskeleton,
myosin VIII is shown contacting the remorin-covered rafts, not

shown that the single hydrophobic domain is not a
transmembrane helix, but forms a kinked re-entry loop
with structural similarities to fusion peptides of coated
animal viruses (Martinez-Gil et al. 2009). Fusion peptides
cause membrane perturbations which facilitate trans-
bilayer leaflet interactions that create a hemifusion stalk
in membrane fusion events leading to virus entry. They
can also contribute to the creation of protein-depleted
membrane patches required for fusion (Chernomordik et
al. 2006). Similar work on TMV 30k now indicates that it
is a similar peripheral (but strongly associated) membrane
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(e.g. PMTV TGB2/3)

myosin VIII (monomer)
cytosolic viral
movement protein
(e.g. PVX TGB1)

necessarily implying a direct protein-protein interaction. b Two
mechanisms contributing to gating: movement proteins inserting into
the ER membrane, in this case PMTV TGB2 and 3, disrupt the
protein-protein interactions which stabilise the DT. This may lead to a
dilation of the desmotubule and an opening of its lumenal space,
however, it remains confined by the presence of reticulons and the
surrounding PD components. The actual gating effect results from
increased freedom of diffusion within the DT membrane and a loss of
the rigid scaffold anchoring the spokes (indicated by a detached actin
monomer). By contrast, a cytosolic MP like PVX TGBI1, which
interacts with remorin, may directly disrupt the anchoring of the
spokes on either membrane. Note that whilst the drawing is
approximately to scale, the structures and true sizes of most
components are unknown

protein with the first hydrophobic region exhibiting
characteristics similar to ilarviral MPs (J.A. Sanchez-
Navarro, personal communication).

In viruses with a TGB of three movement proteins,
TGB2 and 3 are integral membrane proteins and TGB3
recruits TGB2 to the cell periphery (Lee et al. 2010b;
Morozov and Solovyev 2003; Samuels et al. 2007;
Solovyev et al. 2000; Tilsner et al. 2010). After ectopic
overexpression, ‘peripheral bodies’ are formed which are
distended cortical ER compartments (Lee et al. 2010b;
Schepetilnikov et al. 2005; Solovyev et al. 2000). Recent
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work on potato virus X (PVX) demonstrated that its TGB3
targets the reticulon-containing, highly curved tubules of
the cortical ER, and the peripheral bodies result from a
bulging of these normally constricted membranes (Lee et al.
2010b). TGB2 and 3 proteins of PVX and potato mop-top
virus (PMTYV) also induce the formation of membraneous
‘granules’ on the cortical ER (Cowan et al. 2002; Haupt et
al. 2005; Ju et al. 2005; Krishnamurty et al. 2003; Samuels
et al. 2007), which similarly are domains of locally reduced
tubule constriction. In PMTYV, over-expression of a GFP-
TGB2/TGB3 complex at a TGB2:3 ratio similar to the virus
infection results in the appearance of ‘sausage’-shaped
structures on the ER (Fig. 4a; Tilsner et al. 2010). A point
mutation (Y89G) within the lumenal domain of TGB3
(which has two transmembrane domains) abolishes virus
movement but not TGB3-assisted PD-targeting of GFP-
TGB2 (Haupt et al. 2005; Tilsner et al. 2010). However,
over-expression of this mutant GFP-TGB2/TGB3(Y89G)
complex does not disturb ER structure (Fig. 4b; Tilsner et
al. 2010), indicating that membrane perturbation and virus
movement are linked and that the function of TGB3-
induced membrane perturbation must be separate from
TGB2 recruitment.

Thus, whilst many details are still unclear, there is
accumulating evidence that endomembrane perturbation is
an important function of certain types of viral MPs.
Progress in this area will depend on an increased
understanding of MP-membrane interactions, including
investigations of oligomerisation in lipid environments,
interactions with specific membrane lipids and effects on
membrane curvature and scaffolds. We have obtained
preliminary data showing that the PMTV TGB2 and 3
proteins have distinct affinities for specific structural and
signalling lipids that likely influence their distribution in

endomembranes. Studies are currently in progress that also
include the PVX TGBs, to understand how these lipid
interactions influence TGB subcellular targeting (L. Torrance,
G. Cowan and J. Tilsner, unpublished data).

The uniqueness of the DT as a PD-specific domain of
the ER makes it an ideal candidate as a targeting
‘receptor’ of viral MPs. Delivery of many viral MPs to
PD requires the endomembrane system (Lucas 2006),
but the secretory pathway is not always involved, leading
to descriptions of MP targeting as ‘unconventional’ path-
ways (Schepetilnikov et al. 2008). These findings could be
explained by random co-transport of viral MPs and
ribonucleoprotein complexes with the remodelling of the
cortical ER, possibly with a tendency to associate with the
tubular, cortical areas (Lee et al. 2010b), that would
occasionally deliver them to the vicinity of PD (Wright
and Oparka 2006). The DT probably branches off at a
three-way junction similar to others in the cortical ER
(Sparkes et al. 2009a, c) and both TMV 30k and
membrane-associated TGB proteins associate with these
vertices (Haupt et al. 2005; Reichel and Beachy 1998).
Recognition of the DT by a viral MP could happen by
preferential distribution into highly curved membranes
(Lee et al. 2010b; Voeltz and Prinz 2007) as well as
through the same specific interactions with DT compo-
nents that are also responsible for disturbing DT structure.

Once viral MPs have targeted and gated PD, a
diffusion-driven trafficking of membrane-bound ribonu-
cleoprotein complexes has been proposed (Guenoune-
Gelbart et al. 2008; Epel 2009; Schonknecht et al. 2008).
The diffusion of membrane-anchored movement com-
plexes would probably not only be hindered by occlusion
of the cytoplasmic sleeve, but also by a rigid membrane
scaffold in tissues with tight DT constriction and therefore,

Fig. 4 Perturbance of the ER membrane by viral movement
proteins. a A complex of the potato mop-top virus movement
proteins GFP-TGB2 and TGB3, overexpressed in a ratio of ~10:1
from a bicistronic plasmid resembling the subgenomic viral mRNA,
forms ‘sausage’ shaped structures on the tubular cortical ER. b

Mutation of a single amino acid within the lumenal domain of the
TGB3 protein (Y89G) renders the virus movement-incompetent and
the distortion of the tubular ER is no longer observed (from Tilsner
et al. 2010). Bars=10 pm
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disruption of the DT scaffold would also be beneficial to
the virus in this context. In agreement with a loosening of
DT structure, Guenoune-Gelbart et al. (2008) found that
30k protein increased trafficking of lumenal GFP-fusions.
Unexpectedly, diffusion of GFP fusions inserted into the
ER membrane was hindered by 30k. However, this could
be caused by 30k oligomers blocking the pathway
(Guenoune-Gelbart et al. 2008).

Finally, it is likely that plant cells can restore PD
structure after modifications by viral MPs. Despite its
influence on SEL, no 30k induced disturbances of the DT
or PD structure in general have been observed in MP-
expressing transgenic or TMV-infected plants (Wolf et al.
1989; Moore et al. 1992). Also, PD gating is restricted to
the leading edge of developing lesions (Oparka et al. 1997).
Plants must be able to generate desmotubules from cortical
ER tubules de novo during secondary PD formation (Ehlers
and Kollmann 1996, 2001). In some cases, two DTs have
been observed in the same channel (Faulkner et al. 2008;
Glockmann and Kollmann 1996). Faulkner et al. (2008)
developed a model whereby secondary PD can be gener-
ated by ‘twinning’ of existing pores. After PD dilation, a
second DT would be generated by insertion from the
cortical ER or branching of the existing DT, followed by
creation of a new wall separation. This model requires de
novo constriction and scaffolding of cortical ER elements
or a transient loosening of DT structure which might
account for PD lacking a central rod or the absence or
electron-lucidiy of the DT (Botha and Cross 2000;
Waigmann et al. 1997). If the cell is generally able to
regenerate the DT, then ‘repair’ of virus-modified PD or
compensation for the effects of stable MP expression may
also be possible. The process of constricting and scaffold-
ing a subdomain of the tubular ER is probably also a
defining step in the biogenesis of PD.

Formation of specialised ER-plasma membrane
adhesion sites as a central event in PD biogenesis

Differences between PD and other ER-plasma membrane
contacts

The plant cortical ER has areas of close contact with all
other endomembranes and the plasma membrane, which
may function in the exchange of lipids and proteins
(Andersson et al. 2007; Craig and Staechelin 1988; de Brito
and Scorrano 2008; Lee et al. 2010a; English et al. 2009;
Goetz et al. 2007; Hepler et al. 1990; Park and Blackstone
2010; Sparkes et al. 2009a, b; Stachelin 1997). These
junctions are often sites of strong membrane adhesion
(Andersson et al. 2007; Sparkes et al. 2009b), including
non-PD ER-plasma membrane contacts that can be strong
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enough to withstand plasmolysis and keep the cortical ER
in the vicinity of the cell wall outside of the protoplast
(Oparka et al. 1994). It is unclear if there are any parallels
between ER-plasma membrane adhesion sites in animals
(Lee et al. 2010a; Levine and Rabouille 2005) and plants,
but animals do not have myosin VIII. Myosin VIII may be
a general component of plant-specific ER-plasma mem-
brane contacts (Golomb et al. 2008; Volkmann et al. 2003)
and whilst spokes have only been observed in PD, globular,
electron dense proteinaceous connections can sometimes
also be observed between other closely adjacent ER and
plasma membrane surfaces (e.g. Fig. 8 in Hepler (1982) and
Fig. 7b in Staehelin (1997)), and during the formation of
PD in protoplasts regenerating the cell wall (Fig. 1 in Ehlers
and Kollmann (1996)). What sets PD apart from other ER-
plasma membrane contacts is the constriction and scaffold-
ing of the ER into the DT. Establishing this structure must
therefore be one of the key events during the generation of
PD.

Insertion of ER tubules into the growing cell wall

Electron microscopy of dividing plant cells (Hawes et al.
1981; Hepler 1982; Segui-Simarro et al. 2004) has provided
some insight into how the DT originates during cytokinesis.
Vesicles containing cell wall material accumulate at the
future division plane and fuse into a tubulo-vesicular
network that is still extensively fenestrated. Some ER
tubules become ‘entrapped’ in these gaps. Subsequently,
extensive callose deposition into the tubulo-vesicular
network correlates with its flattening and the closure of
remaining gaps to form the cell plate, i.e. the future cell
wall. Where gaps contained ER tubules, these become
constricted and the contact site between ER and plasma
membrane is modified into a primary PD. Mechanisms for
several types of post-cytokinetic PD modifications and the
de novo formation of secondary PD have been also
suggested (Ehlers and Kollmann 1996, 2001; Faulkner et
al. 2008, Kollmann and Glockmann 1991). In all cases,
deposition of new cell wall material is thought to (further)
entrap an ER tubule that either already crosses the cell wall
or is newly inserted into pores.

Whilst the term entrapment accurately describes the
spatial positions of ER and cell wall-forming vesicles, it
may be misleading in that it suggests a rather passive role
of the ER in this process. Live-cell imaging has revealed
that the cortical ER network is highly dynamic (Boevink et
al. 1998; Sparkes et al. 2009a, c, 2010). Tubules and three-
way junctions are constantly being remodelled and at the
same time are also being swept along by cytoplasmic
streaming. New tubules can extend, undergo ‘searching’
motions and either retract or form new three-way junctions.
In other words, there is no reason that tubules would need
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to become ‘entrapped’ between cell plate-forming vesicles
and if they did, that they would have to become a DT;
mechanisms exist that would permit their ‘escape’. On the
other hand, the ER network at the forming cell plate may
actually play a role in guiding the orientation of the fusing
Golgi-derived vesicles and supplying the calcium required
for the membrane fusions (Bednarek and Falbel 2002;
Gupton et al. 2002; Hawes et al. 1981; Hepler 1982).
Cytokinetic ER has also been interpreted as a store for
proteins that are transferred to the cell plate forming
vesicles at specific stages in a COPII-dependent manner
(Prekeris and Gould 2008). All of this points to a very active
role of the ER in generating PD that might warrant a
description of ER tubules being ‘inserted into’, rather than
‘entrapped by’ the forming cell plate.

Possible triggers for the initiation of desmotubule formation

The study of membrane trafficking during plant cytoki-
nesis has focussed mostly on the delivery of plasma
membrane and cell wall material, which now appears to
not only derive from secretory vesicles carrying newly
synthesised lipids and polysaccharides, but also from
endocytotic re-use of existing wall and plasma membrane
material (Bednarek and Falbel 2002; Backues et al. 2007).
The ER has received considerably less attention in this
context (Prekeris and Gould 2008), which is partly due to
the difficulty of distinguishing different membrane com-
partments of the cell plate at the light microcope level
where most protein localisations have been carried out.
Therefore, the triggers that initiate DT formation remain
completely speculative. They might for instance include:
(1) proximity of an ER tubule to an area of plasma
membrane with a distinctive composition, perhaps due to
the callose-enrichment of the underlying cytokinetic wall.
(2) Contact of the ER with the membrane fusion
machinery involved in closing the gaps in the cell plate.
(3) General ‘priming’ of the ER network for PD formation
during cytokinesis by expression of proteins that might
make its surface ‘sticky’ for the cell wall membrane,
similar to Golgi attachment to the cortical ER (Sparkes et
al. 2009b). The contribution of recycled plasma membrane
material makes it possible that the cell plate membrane is
not very different from the mature plasma membrane at
other ER adhesion sites, and this is further supported by
the localisation of myosin VIII at the cell plate (Reichelt et
al. 1999; Volkmann et al. 2003). The distinctive feature of
the underlying wall however, which is shared by the wall
collar around PD, is its high callose content. In this
context, it would be interesting to study the expression and
localisation of the PD callose binding protein, PDCB1
(Simpson et al. 2009), and its homologs in more detail
during cytokinesis.

General mechanisms of ER remodelling in plants

Because so little is known about the remodelling of the ER
during cytokinesis, conclusions about its transformation into
the DT can currently only be drawn in very broad terms based
on the principles of ER remodelling in general. The cortical
ER network is not dynamic in its entirety. Computer analysis
of time-lapse imaging and direct manipulation of the ER by
laser trapping have identified static ‘anchor points’ that do not
necessarily match the tubular three-way junctions and
probably correspond to plasma membrane adhesion sites
(Sparkes et al. 2009a, b, c). Thus, the cortical ER is able to
both maintain its overall structure despite constant remodel-
ling and mass flow of lipids and proteins, and to transform
specific areas into static contact or adhesion sites with other
membranes (Levine and Rabouille 2005; Park and
Blackstone 2010; Sparkes et al. 2009a), including PD. In
contrast to the plasma membrane, the ER membrane consists
mostly of unsaturated glycero-phospholipids (van Meer and
Sprong 2004; van Meer et al. 2008) which makes it overall
more flexible and probably precludes lateral heterogeneity
due to L,—L4 phase separation. The sphingolipids and sterols
responsible for raft formation in the plasma membrane are
however synthesised along the secretory pathway including
the ER and small quantities of some of these lipids are
present in ER membranes where they may assist in
packaging transmembrane cargo proteins for co-export
through the Golgi apparatus (Fagone and Jackowski 2009;
Haucke and Di Paolo 2007; Holthuis and Levine 2005; Laloi
et al. 2007; van Meer and Sprong 2004).

Rather than through lipid phase separation, lateral hetero-
geneity of endomembranes occurs through a complex and
highly dynamic network of protein—lipid interactions. The
induction of membrane curvature by proteins and asymme-
tries in bilayer composition has already been discussed above.
However, curvature is not simply a shape imposed on a
‘passive’ membrane by an ‘active’ protein, but in turn also
targets proteins to the membrane, including the cytoskeleton
(Hurley and Meyer 2001; Sprong et al. 2001; Stahelin 2009;
Takano et al. 2008; Xue et al. 2009), which can lead to
further changes in bilayer conformation accompanied by
lipid segregation (Mitra et al. 2004; Ronchi et al. 2008; Roux
et al. 2005; Sorre et al. 2009; Takano et al. 2008). For
example, the small GTPase Arfl distributes evenly between
flat and curved membranes, but its GTPase activating factor
Arf1-GAP is restricted to curved membranes with a radius
<35 nm. Thus, active Arfl-GTP is restricted to flat
membranes, where it recruits the golgin GMAP-210 which
tethers membranes with a radius <50 nm through its
amphipathic lipid sensor packing domain. In this way,
specificity is achieved for asymmetric tethering between a
flat and a curved membrane (Ambroggio et al. 2010; Drin et
al. 2008). In another example, lipids with inverted cone
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shapes (large head groups), for instance phosphoinositides,
inhibit membrane fusion/fission if they are located in the
apposing leaflets, but promote it if they are in the distal
leaflets of appressed bilayers (Chernomordik et al. 2006;
Janmey and Kinnunen 2006; van Meer et al. 2008; van Meer
and Sprong 2004). Cone-shaped lipids like diacylglycerol act
in the opposite manner and are probably required for vesicle
budding and fusion (Haucke and Di Paolo 2007).

In the emerging picture of endomembrane remodelling,
changes in membrane conformation are both structure and
targeting ‘signal’, both signalling event and signalling
output at the same time. In other words, membrane
transport, architecture and dynamics are inseparable and
distinctions between, for instance, curvature-inducing,
curvature-targeted and curvature-sensing proteins are often
arbitrary (Stahelin 2009). Thus, the dynamic but ordered
architecture of the cortical ER is maintained through
dynamic equilibria between membrane-remodelling pro-
cesses and membrane flux. Similar processes can be
expected to be involved in inducing constriction and
plasma membrane-tethering of the DT during PD biogen-
esis. Although at present, the details of this transformation
are unknown, it seems likely that there could be common
factors shared with the establishment of plasma membrane-
attached ER ‘anchor points’.

Possible roles for phosphoinositide signalling and small
GTPases in PD biogenesis

Spatially and temporally, the most dynamic lipids are
phosphoinositides, i.e. phosphatidylinositol (PI) and its
phosphorylated derivatives. PI has a myo-inositol head
group linked to diacylglycerol via a phosphate linker. The
myo-inositol has five free hydroxyl groups that can be
reversibly phosphorylated, resulting in a large variety of PI
phosphates (PIPs; Munnik and Testerink 2009; Thole and
Nielsen 2008; Xue et al. 2009). PIPs, as well as their
immediate metabolites phosphatidic acid (lacking the myo-
inositol head) and diacylglycerol are important signalling
molecules because of their fast, locally restricted turnover
and ability to recruit proteins, including actin. PIPs
therefore are involved in key steps of cellular membrane
remodelling (Downes et al. 2005; Fischer et al. 2004;
Hurley and Meyer 2001; Pleskot et al. 2010; Sprong et al.
2001; Stahelin 2009; Testerink and Munnik 2005; Xue et
al. 2009). In the course of their involvement in regulatory
processes, PIPs can accumulate at specific subcellular
localisations. For instance, PI(3)P is found at the leading
edges of the expanding cell plate, and PI(4)P and PI1(4,5)P,
accumulate at the tip of growing root hairs, with P1(4,5)P,
also distributed in a spiral pattern along the sides (reviewed
in Backues et al. 2007). Recent advances in live cell
imaging have enabled monitoring of dynamic PIP changes
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(Downes et al. 2005; van Leeuwen et al. 2007; Vermeer et
al. 2006, 2009) but also other lipids including sterols
(Holttd-Vuori et al. 2008) and will prove useful to study
endomembrane remodelling at the cell plate in combination
with fluorescent protein fusions of newly discovered factors
involved in shaping the ER (Hu et al. 2009).

Small GTPases of the Rab, Rop and Arf families also play
roles in phospholipid-mediated membrane trafficking and
reorganisation (Bednarek and Falbel 2002; Rutherford and
Moore 2002; Zhang and McCormick 2010) and a Rabll
homolog has been localised to PD during TMV infection
(Escobar et al. 2003). This protein could be involved in the
host cell’s response restoring PD function (see above) and
consequentially also during cytokinetic PD formation.
Indeed, Rabl1 is required for cytokinesis in Caenorhabditis
elegans (Bednarek and Falbel 2002; Prekeris and Gould
2008). New insights into PD biogenesis are therefore likely
to emerge from studies of the roles of phosphoinositide
signalling and small GTPases during cytokinesis.

Conclusions and outlook

Whilst confocal fluorescence microscopy has successfully
identified a microtubule-binding protein, MAP65-5, that
may be involved in PD formation at the cell plate (Van
Damme et al. 2004), a clear distinction between events
concerning the cell plate-forming vesicles and the remod-
elling of the ER into the DT will require higher resolution.
Lipid- and protein-specific immuno-electron microscopy
(Downes et al. 2005) may be required in some instances,
but new ‘super resolution’ light microscopy techniques and
correlative light/electron microscopy are also poised to
have a large impact on unravelling the events that lead to
PD formation (Fitzgibbon et al. 2010; Huang 2010;
Perinetti et al. 2009 and see review by Bell and Oparka in
this issue). PD regeneration in protoplasts may be an easier
system for such studies than cytokinesis in meristematic
tissues. On the other hand, characterisation of membrane
topology, lipid-binding, membrane shaping and oligomer-
isation properties of new PD component proteins in vitro
and in vivo (Boutant et al. 2010; Downes et al. 2005; Hu et
al. 2008; Martinez-Gil et al. 2009; Miernyk and Thelen
2008; Stockl and Herrmann 2010; Voeltz et al. 2006) will
also be indispensable to understand PD structure.

Whilst PD are more than simply membrane adhesion
sites, it will be impossible to understand their structure and
function at a molecular level without considering the
protein—lipid interactions involved in defining the mem-
branes that line them. A focus on their membranes can
therefore inform interpretations of data obtained by a
variety of different techniques and result in new approaches
to studying PD.
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