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KinG Is a Plant-Specific Kinesin That Regulates Both
Intra- and Intercellular Movement of SHORT-ROOT!CFEN!
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Both endogenous plant proteins and viral movement proteins associate with microtubules to promote their movement through
plasmodesmata. The association of viral movement proteins with microtubules facilitates the formation of virus-associated
replication complexes, which are required for the amplification and subsequent spread of the virus. However, the role of
microtubules in the intercellular movement of plant proteins is less clear. Here we show that the SHORT-ROOT (SHR) protein,
which moves between cells in the root to regulate root radial patterning, interacts with a type-14 kinesin, KINESIN G (KinG).
KinG is a calponin homology domain kinesin that directly interacts with the SHR-binding protein SIEL (SHR-INTERACING
EMBRYONIC LETHAL) and localizes to both microtubules and actin. Since SIEL and SHR associate with endosomes, we
suggest that KinG serves as a linker between SIEL, SHR, and the plant cytoskeleton. Loss of KinG function results in a decrease
in the intercellular movement of SHR and an increase in the sensitivity of SHR movement to treatment with oryzalin.
Examination of SHR and KinG localization and dynamics in live cells suggests that KinG is a nonmotile kinesin that promotes
the pausing of SHR-associated endosomes. We suggest a model in which interaction of KinG with SHR allows for the formation

of stable movement complexes that facilitate the cell-to-cell transport of SHR.

Cell-to-cell movement of transcription factors is a
common form of intercellular communication in plants
(Lucas et al., 1995; Kurata et al., 2005; Pi et al., 2015;
Gallagher et al., 2014). Many of these mobile transcrip-
tion factors function as positional signals that regulate
various aspects of plant development, including em-
bryonic development (Schlereth et al., 2010), shoot apical
meristem maintenance (Lucas et al., 1995; Kim et al,,
2005; Yadav et al., 2011), floral initiation (Sessions et al.,
2000; Wu et al., 2003), root hair formation (Kurata et al.,
2005; Savage et al., 2008), stomata differentiation (Raissig
et al., 2017), and root patterning (Nakajima et al., 2001;
Pi et al., 2015). Intercellular movement of proteins in
plants occurs via plasmodesmata, highly specialized
channels that form cytoplasmic continuity and allow for
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the exchange of molecules between two adjacent cells
(Oparka, 2004). Blocking of plasmodesmata in specific
tissues results in the restriction of protein movement and
often leads to cellular patterning defects (Vatén et al,,
2011; Benitez-Alfonso et al., 2009; Daum et al., 2014; Wu
et al.,, 2016; Liu et al., 2017).

A well-documented case of transcription factor move-
ment involves the movement of SHORT-ROOT (SHR)
between tissues in the root meristem. SHR is made in the
stele and moves into the endodermis, quiescent center, and
cortical endodermal initial cells (Nakajima et al., 2001).
Movement of SHR is required for the asymmetric divisions
of the cortical endodermal daughter cells that generate the
separate layers of cortex and endodermis (Helariutta et al.,
2000). Later in development of the root, a reduction in SHR
movement triggers the asymmetric divisions in the endo-
dermis that lead to the formation of a middle cortex
(Koizumi et al., 2012). While it is known that SHR moves
between cells via plasmodesmata, it is not known how
SHR movement is regulated nor how SHR accesses plas-
modesmata. Here, we report the interaction between SHR
and a type 14 kinesin-like motor protein, KINESIN G
(KinG; Atl1g63640), which directly binds to an essential
protein, SHR INTERACTING EMBRYONIC LETHAL
(SIEL), and supports the cell-to-cell movement of SHR.

Mechanisms Regulating SHR Cell-to-Cell Movement

The SHR protein moves through plasmodesmata.
Semidominant mutations in CALLOSE SYNTHASE3
decrease the size exclusion limit of plasmodesmata and
inhibit movement of SHR (Vatén et al., 2011). Structure-
function analysis of SHR has shown that the move-
ment of SHR via plasmodesmata is both targeted and
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regulated; there are factors that promote and factors
that restrict movement of SHR. Among the factors that
support the cell-to-cell movement of SHR are endo-
somes, microtubules, and SIEL (Koizumi et al., 2011;
Wu and Gallagher, 2013, 2014). SIEL is a Huntingtin,
EF3, PP2A, TOR1 (HEAT)-domain-containing protein
that directly interacts with SHR. Null alleles of SIEL are
embryonic lethal; hypomorphs have reduced move-
ment of SHR. Via interaction with SIEL, SHR localizes
to endosomes. In turn, the localization of SIEL to en-
dosomes is tied to microtubules (Wu and Gallagher,
2013). When microtubules are disrupted, SIEL no lon-
ger localizes to microtubules, and SHR movement is
reduced. Likewise, inhibition of endocytosis or inter-
ference with early or late endosomes hinders move-
ment of SHR (Wu and Gallagher, 2014). These results
suggest important roles for microtubules and endo-
somes in promoting the intercellular movement of SHR.
However, the mechanism by which endosomes, mi-
crotubules, and SIEL support the movement of SHR is
not known.

Evidence for the Function of Microtubules and Kinesins
in Intercellular Protein Trafficking

In addition to endogenous plant proteins, viruses ex-
ploit plasmodesmata for movement between cells (Niehl
and Heinlein, 2011; Harries and Ding, 2011). Many plant
viruses interact with microtubules via virally encoded
movement proteins (MPs) that facilitate transport via
plasmodesmata (Heinlein etal., 1995, 1998; Padgett et al.,
1996; Serazev et al., 2003; Wright et al., 2010). For ex-
ample, Tobacco Mosaic Virus (TMV) encodes a MP
(TMV-MP) that binds viral RNA and microtubules
forming a viral ribonucleoprotein complex (VRNP;
Citovsky etal., 1990; Heinlein et al., 1995, 1998). Since the
association of MP with microtubules is correlated with
the ability of the virus to spread between cells (Boyko
et al., 2000, 2007), microtubules were thought to target
the vVRNP to plasmodesmata (similar to the role that
microtubules play in the transport of membrane-bound
cargo proteins in animals). In this model, microtubules
serve as tracks for the movement of vRNPs to plasmo-
desmata. However, there is very little evidence for the
directional transport of vRNP via microtubules. Instead,
most data suggest that microtubules serve in the an-
chorage and release of viral replication complexes (VRCs;
Niehl et al., 2013). Early in the process of infection, mi-
crotubules support the formation of VRC — microtubule
anchored, endoplasmic reticulum (ER)-derived hubs of
viral replication (Boyko et al., 2007, Sambade et al.,
2008). Later in the process of infection, microtubules
promote the release of VRCs from the ER for movement
between cells (Sambade et al.,, 2008; Sambade and
Heinlein 2009). Thus, the primary role of microtubules
in the spread of vRINPs between cells is the anchoring of
VRCs to the ER (to allow replication) and in later stages
of infection, the release of the vRNP from the ER to
the cytoplasm for transport to plasmodesmata, which
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likely occurs via interactions with the actin (Wright
et al., 2007; Niehl and Heinlein, 2011). It is less clear
what role microtubules play in the intercellular move-
ment of endogenous plant proteins. However, since
non-cell-autonomous proteins like SHR associate with
the endomembrane (Wu and Gallagher, 2014), micro-
tubules may serve as points of anchorage for the as-
sembly of movement complexes. Insight into the roles
that microtubules play in intercellular trafficking of
proteins via plasmodesmata may come from studies on
MP-BINDING PROTEIN 2C (MPB2C). MPB2C is a
microtubule-binding protein with structural similari-
ties to myosins and kinesins (Kragler et al., 2003). This
protein interacts with both TMV-MP and the KNOT-
TED1/SHOOTMERISTEMLESS homeodomain tran-
scription factors (Kragler et al., 2003; Winter et al.,
2007). Transient overexpression of MPB2C in Nicotiana
benthamiana epidermal cells interferes with the cell-to-
cell movement of TMV. Overexpression of MPB2C in A.
thaliana or N. benthamiana results in reorganization of
cortical microtubules and a loss of KNOTTED1 move-
ment (Winter et al., 2007). In both tobacco and A.
thaliana, overexpression of MPB2C appears to trap
TMV-MP and KNOTTED1 on microtubules.

Role of Calponin Homology Domain Kinesins (KCH)
in Protein Trafficking

There are 61 annotated kinesins in A. thaliana; of these,
21 are putative minus-end-directed, type-14 kinesins
(Endow and Waligora, 1998; Reddy and Day, 2001).
Within this group of minus-end-directed kinesins is a
plant-specific subgroup of seven kinesins with a KCH
(Preuss et al., 2004; Lee and Liu, 2004; Reddy and Day,
2001). In both plants and animals, CH domains are found
in many classes of actin-binding proteins. A fully func-
tional actin-binding domain is composed of tandem CH
domains; however, single CH domain proteins (e.g. like
that in calponin) can also bind actin, albeit with lower
affinity than an actin-binding domain (Gimona and
Mital, 1998; Gimona et al., 2002; Korenbaum and Rivero,
2002). Consistent with this trend, plant KCHs interact
with both microtubules and actin filaments. However,
there are conflicting data as to the relative affinities of
KCH proteins for actin filaments and microtubules
(Preuss et al., 2004; Frey et al., 2009; Buschmann et al.,
2011; Klotz and Nick, 2012; Schneider and Persson, 2015).
The ability of KCH kinesins to dynamically interact with
microtubules and actin in interphase cells suggests roles
for KCH kinesins in microtubule-microfilament cross
linking and the stabilization of cellular structures (Dixit,
2012, 2015). Recently, Dixit (2015) suggested that KCHs
function in the microtubule-dependent rearrangement
and movement of actin filaments. Thus, KCH proteins
likely play regulatory roles in the coordination of the
microtubule and actin cytoskeleton.

Here, we show that the KCH protein KinG supports
the intercellular trafficking of SHR. KinG was previ-
ously characterized in BY-2 cells, where it was shown to
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localize to both microtubules and actin. Similarly, we
find that KinG associates with both microtubules and
actin. When SHR and KinG are coexpressed in tobacco
leaf epidermal cells, there is significant overlap between
the two proteins. Strikingly, when SHR is associated
with KinG, it is transiently immobilized within the cell.
Over a 3-min time frame, SHR can be seen moving
between regions of KinG localization within the cell,
each time pausing for 1 min before dissociating from
KinG. Based upon the subcellular localization of KinG
and SHR and the dynamics of their interaction in live
cells, we propose a model in which KinG serves as a
stable platform that facilitates posttranslational pro-
cesses that promote the trafficking of SHR.

RESULTS

Identification of KinG as a Protein Interacting with the
Mobile Form of SHR

To identify proteins involved in SHR movement,
coimmunoprecipitation followed by mass spectrome-
try (colP/MS) was used on A. thaliana roots expressing
the SHR-GFP translational fusion under the control
of the SHR promoter (SHR:SHR-GFP; Supplemental
Fig. S1, A and D). Two different nonmobile forms of
SHR-GFP, unable to move from the stele to the endo-
dermis, were also used to filter the results for specific
interaction with the mobile SHR protein. The first was a
substitution allele of SHR in which Thr 289 is replaced
with an Ile (SHR:SHR™*LGFP). SHR™*'is a nonmobile
and nonfunctional protein (Gallagher et al., 2004;
Supplemental Fig. S1, B and E). For the second allele of
SHR, the LNELDV motif (residues 342-347) was
replaced with three Ala resides (SHR:SHR*"N*'PV_-GEP).
Mutation of the LNELDV motif results in a loss of
movement, but if the mutant protein is ectopically
expressed, it is a functional SHR protein (Gallagher and
Benfey, 2009) and therefore should maintain interac-
tions associated with the function of SHR as a tran-
scription factor (Supplemental Fig. S1, C and F). From
this screen, we found a single protein, KinG, which
coprecipitated with the mobile SHR-GFP, but not
with SHR".GFP or SHR*"*'"°V-GFP.

To validate that KinG directly interacts with SHR,
targeted yeast two-hybrid assays were performed using
amodified SHR protein that lacks autoactivation as bait
(in the pDEST22 vector; Wu et al.,, 2014) and KinG as
prey (in the pDEST32 vector). In these assays, all tests
for interaction between SHR and KinG were negative.
However, in assays where the SHR-interacting protein
SIEL was used as bait and KinG as prey (Fig. 1A), we
consistently saw interaction. These results were further
corroborated using bimolecular fluorescence comple-
mentation (BiFC) assays in A. thaliana leaf protoplasts.
When KinG, fused to the c-Venus and SIEL, fused to the
n-Venus were cotransfected into leaf protoplast, dis-
tinct fluorescent punctate were present in the cytoplasm
(Supplemental Fig. S2). These results show that KinG
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directly interacts with SIEL. Since SIEL directly inter-
acts with SHR (Koizumi et al., 2011), SIEL likely serves
as a linker between KinG and SHR.

The Expression Domain of KinG Overlaps with SHR in the
Root Meristem

To determine whether expression of KinG overlaps
with SHR, we cloned the putative KinG promoter (the
2-kb genomic fragment upstream of the ATG) and used
it to drive expression of HISTONE 2B-YFP (KinG:H2B-
YFP). In three independent lines, KinG:H2B-YFP was
expressed throughout the root meristem, including the
stele, endodermis, and quiescent center—the known
domains of SHR expression or activity—and in regions
of the elongation zone above the meristem (Fig. 1B). The
KinG promoter was also active in the lateral root pri-
mordia (Fig. 1, C and D), both at a time before and
during which SHR is expressed (Lucas et al., 2011).
These results show that KinG expression overlaps with
SHR and that KinG is expressed broadly in the meri-
stem in both mitotic (e.g. the root initials) and non-
mitotic cells (e.g. the quiescent center cells and cells of
the elongation zone).

KinG Is a Nonmobile Protein in A. thaliana Roots That
Localizes to Microtubules and Actin in N. benthamiana
Leaf Epidermal Cells

To examine the subcellular localization of KinG and its
potential for cell-to-cell movement, the KinG cDNA was
fused in-frame to YFP and expressed from the KinG
promoter. We examined 20 independently transformed
lines and failed to detect YFP fluorescence in any of the
KinG:KinG-YFP lines. Likewise, we detected no fluores-
cence in 50 independent 355:KinG-YFP and 30 indepen-
dent Ub10:KinG-YFP lines. Therefore, as an alternative
approach to examine KinG localization, promoters with
restricted domains of expression were used. KinG-YFP
was expressed under the control of the stele-specific SHR
promoter (SHR:KinG-YFP; Fig. 1E) or the endodermis-
specific ENDODERMIS?7 (EN7) promoter (EN7:KinG-
YFP; Fig. 1F). In both tissues (stele and endodermis),
KinG-YFP was detected only within the domain of pro-
moter activity, indicating that KinG is a cell-autonomous
protein. In cells expressing KinG-YFP, the protein was
present throughout the cytoplasm and the nucleus. In
dividing cells (based upon the appearance of the H2B-
mCherry marker), the subcellular localization of KinG-
YFP suggested an association with cytoskeletal /mitotic
arrays (Supplemental Fig. S3A). The localization pat-
tern of KinG in interphase and dividing cells matched
well with the localization of the microtubule marker,
mCherry-TUAS when expressed in the root meristem
(Supplemental Fig. S3B). Our inability to recover KinG-
YFP-tagged lines when using the KinG, Ub10, or 355
promoters suggests that up-regulation of KinG is either
embryo or gametophyte lethal.

Plant Physiol. Vol. 176, 2018
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Figure 1. The kinesin KinG interacts with SIEL and is expressed in the
root meristem. A, Diploid yeast expressing SHR or SIEL as bait with the
KinG prey protein (as labeled) grown on selective medium. Medium
lacking adenine and His was used to select for interaction between the
bait and prey proteins. AD, Activating domain vector (bait); BD, binding
domain vector (prey). B, Expression of KinG:H2B-YFP in wild-type root
meristem. Inset, Expression of SHR:SHR-GFP in wild-type root meri-
stem. C and D, Expression of KinG:H2B-YFPin lateral root primordia. E,
Expression of SHR:KinG-YFP in wild-type root meristem. F, Expression
of EN7:KinG-YFP in wild-type root meristem. White arrows in D and E
mark changes in KinG-YFP localization in dividing cells. Scale bars,
25 pm.

Using BY-2 cells Buschmann et al. (2011) previously
showed colocalization of KinG with markers of the
microtubule and actin cytoskeleton. To examine KinG
localization within an intact tissue, we transiently
expressed TagRFP-KinG or YFP-KinG in N. benthamiana
leaf epidermal cells. Both the TagRFP and the
YFP-labeled KinG showed nuclear and cytoplasmic
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localization. Within the cytoplasm, TagRFP-KinG showed
extensive overlap (79.8%) with the microtubule marker
GFP-TUAG6 (Fig. 2, A-C; Supplemental Fig. S4A). In
contrast, there was moderate but significant (17.9%)
overlap between YFP-KinG and the actin marker,
TagRFP-UtrCH (Fig. 2, D-F; Supplemental Fig. 54B).
Preferential localization of KCHs with perinuclear actin
fibers has been reported (Klotz and Nick, 2012); how-
ever, we saw no differences in the overlap of YFP-KinG
with perinuclear or cortical actin arrays (Supplemental
Figure 5S4, C-E). This suggests that KinG predomi-
nantly localizes to microtubules but also maintains a
degree of overlap with actin.

The kinesin domain of KCH proteins generally me-
diates interactions with microtubules, while the CH
domain is thought to facilitate association with actin. To
test the contribution of the two domains to KinG lo-
calization, two truncated versions of KinG were cloned:
ACHKING (an N-terminal truncated version of KinG that
lacks the CH domain) and KinG*" (a C-terminal
truncated version of KinG that lacks the kinesin motor
domain). Expression of the full version of YFP-KinG
in N. benthamiana resulted in punctate localization
throughout the cell, with diffuse nuclear localization
(Fig. 2G). Expression of YFP-*“HKinG resulted in simi-
lar punctate localization in the cytoplasm; however,
nuclear localization was largely abolished (Fig. 2H). In
contrast, YFP-KinG*X™ showed strong exclusive nu-
clear localization (Fig. 2I). Similar H1:)at’rerns of localiza-
tion were observed when the “““KinG and KinG**"
proteins were stably expressed in the stele of A. thaliana
roots using the SHR promoter (Fig. 2, J-L). It should be
noted that expression of these constructs did not affect
root patterning. To determine if the CH or kinesin do-
main truncations affected the ability of KinG to interact
with SIEL, both truncated versions were expressed as
prey in yeast two-hybrid assays with SIEL (Supplemental
Fig. S5). SIEL interacted with “““KinG, but not with
KinG**™, Collectively, these results suggest that the KinG
CH domain is not required for association with the cy-
toskeleton or for interaction with SIEL but may facilitate
nuclear localization. ‘

The distinct nuclear localization of KinG*<™ in both
tobacco leaf epidermal cells and A. thaliana roots
suggests that interaction of KinG with microtubules
prevents its accumulation in the nucleus. However,
since the truncated version of KinG**™ is 600 amino
acids shorter than the full-length KinG, nuclear lo-
calization could be the result of passive diffusion. To
distinguish between these two possibilities, we trea-
ted N. benthamiana leaves expressing full-length YFP-
KinG with 20 um latrunculin B, 20 um cytochalasin D,
or 2 uM oryzalin to disrupt actin and microtubules,
respectively. Treatment with latrunculin B or cyto-
chalasin D did not impair the localization of KinG
(Fig. 3, A-C and D-F; Supplemental Fig. 56); how-
ever, it did disrupt most F-actin (Fig. 3, J-L). Treat-
ment with oryzalin dramatically disturbed KinG
localization and led to an increase in the accumula-
tion of KinG in the nucleus (Fig. 3, G-I). Collectively,
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Figure 2. Subcellular localization of KinG. A to C,
Coexpression of TagRFP-KinG (A) and the microtu-
bule marker GFP-TUAG6 (B) in N. benthamiana ep-
idermal cells. C, Overlay of TagRFP-KinG and GFP-
TUAG. D to F, Z-stack maximal projection of a N.
benthamiana leaf epidermal cell coexpressing of
YFP-KinG (D) and the actin marker TagRFP-UtrCH
(B). F, Overlay of YFP-KinG and TagRFP-UtrCH.
G to |, Z-stack maximal projection of YFP-KinG (G),
YFP-2PKinG (H), or YFP-KinG* " (1) in N. ben-
thamiana leaf epidermal cells. ) to L, Expression of
YFP-KinG ()), YFP-*"KinG (K), or YFP-KinG**" (L)
in A. thaliana root meristem stele. Scale bars, A to F
andJtoL, 10 um; Gto I, 50 wm.
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these results suggest the kinesin domain of KinG is
essential for its ability to maintain cytoplasmic lo-
calization and, based upon the yeast 2- hybrid assays,
to interact with SIEL.

Cell-to-Cell Movement of SHR Is Reduced in
kinG Mutants

Since intact microtubules are required for both SHR
movement and KinG localization, we tested whether
KinG plays a role in SHR movement. While there are
several T-DNA insertion lines annotated as having an
insertion within KinG available from the Arabidopsis
Biological Resource Center (ABRC), none are within the
coding sequences (note that SAIL_754_A01 is annotated
as having an insertion 100 bp upstream of the ATG;
however, the levels of KinG mRNA are normal in these
lines). Therefore, a kinG null was generated using
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CRISPR/Cas9. Guide RNAs were designed to target
the seventh exon, between the CH and kinesin motor
domain. We screened 60 lines and found one with a
155-bp insertion in the seventh exon that introduces a
premature stop codon (Supplemental Fig. S7, A and B).
As aresult of this insertion, KinG mRNA was significantly
decreased (likely due to nonsense-mediated mRNA de-
cay) in the kinG mutant (Supplemental Fig. S7C). We
observed no obvious defects in the growth or overall
appearance of the kinG lines or changes in the cellular
organization of the root meristem (Supplemental Fig. S7,
D-H), indicating that KinG is not essential for plant
growth or cellular patterning of the root.

When SHR movement is blocked early in the devel-
opment of the root, no endodermis is made. However,
moderate decreases in SHR movement (in the 20%-30%
range) have no effect on root patterning (Koizumi et al.,
2011, 2012). To test whether KinG functions in SHR
movement, kinG mutants were crossed to SHR:SHR-GFP

Plant Physiol. Vol. 176, 2018
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Figure 3. Response of KinG to latrunculin B and oryzalin N. ben-
thamiana leaf epidermal cells. A to |, Z-stack maximal projection of
cells expressing YFP-KinG were incubated with a control solution (A-C),
20 um latrunculin B (D-F), or 2 um oryzalin (G-1) for 0 min (A, D, and G),
90 min (B, E, and H) or 180 min (C, F, and I). ] to L, Z-stack maximal
projection of cells expressing TagRFP-UtrCH incubated with a latrunculin
B (LatB) for O min (J), 90 min (K), or 180 min (L). Yellow arrows in H and |
point to accumulation of KinG in the nucleus. Scale bars, 50 pwm.

marker lines. As in previous studies, the ratio of fluo-
rescence intensity between the endodermis and the
stele (E:S ratio) was used as a measure of SHR-GFP
movement. In 5-d-old wild-type roots, the E:S ratio of
SHR-GFP fluorescence was 1.06 (*0.057); similar
values were measured in roots heterozygous for kinG
(1.03 £ 0.051). In contrast, in kinG homozygotes, the E:S
ratio was 0.83 (+0.062), which is significantly lower
than in wild type or heterozygote (P < 0.05; Student’s ¢
test, n = 10; Fig. 4, A—C). These results indicate a (21.7%)
decrease in SHR movement in the kinG line. Consistent
with reduced movement of SHR-GFP, we saw a sig-
nificant reduction in the recovery of SHR-GFP fluo-
rescence in the endodermis of kinG mutants after
photobleaching as compared to wild type (FRAP of
SHR-GFP; Fig. 4M; Supplemental Fig. S8). For com-
parison, mutations in SIEL (siel-4) or short treatment of
wild-type seedlings with 1 um oryzalin also reduced
FRAP of SHR-GFP to levels similar to kinG (Fig. 4M).
The siel-4;kinG double mutants were indistinguishable
from the siel-4 single mutant (Fig. 4, D-F), indicating
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that the siel-4 phenotype is not significantly enhanced
by kinG mutation. Likewise, we examined kinG;kinH
(At5g41310.11) double mutants. Of the seven KCH
proteins in A. thaliana KinH (named here) is most
similar to KinG (66.5% amino acid identity and 76.2%
similarity). The kinG/kinH roots were identical to
kinG single mutants with respect to both SHR move-
ment and radial patterning of the root (Supplemental
Fig. §9), suggesting additional levels of functional
redundancy.

Chemical inhibitors can be used to overcome func-
tional redundancy by inhibiting multiple members of a
protein family at once. Since KinG requires microtu-
bules for localization, we tested the sensitivity of the
kinG roots to treatment with oryzalin (Fig. 4, G-L) with
the expectation that other members of the protein
family would have similar requirements for microtu-
bules for proper localization. As shown in Figure 4, G-I,
treatment of roots with 0.3 um oryzalin for 12 h en-
hanced the effect of the kinG mutation on the movement
of SHR, decreasing the E:S ratio of SHR-GFP by 42.9%
as compared to the wild-type. This difference between
kinG and wild-type roots in 0.3 uM oryzalin is statisti-
cally significant (P < 0.05), suggesting that kinG is more
sensitive than wild-type roots to moderate levels of
oryzalin. The kinG mutants were similarly more sensi-
tive than wild-type to treatment of with 1 um oryzalin
when assayed at 3 h posttreatment. At the 3 h time
point, there is a 21.5% decrease in the E:S ratio of SHR-
GFP in oryzalin-treated kinG roots compared to non-
treated but no change in wild-type roots (Supplemental
Fig. 510). In contrast, when assayed at 12 h after treat-
ment with 1.0 um oryzalin, the E:S ratio of SHR:GFP in
both wild-type and kinG roots is very similar (Fig. 4, ]-L).
These results suggest that kinG mutants are more sensi-
tive than wild-type roots to short-term treatment with
moderate levels of oryzalin, which have little secondary
effects on root growth. Note that the sensitivity of kinG to
oryzalin appears specific to the movement of SHR-GFP.
Other aspects of microtubule-mediated root growth (e.g.
cell division, cell elongation) in the kinG mutants are not
more sensitive to oryzalin than wild type (Supplemental
Fig. S7H). These results indicate that loss of KinG makes
SHR movement more sensitive to destabilization of mi-
crotubules.

KinG and SHR Localize to Stable Structures in Tobacco
Leaf Epidermal Cells

In both A. thaliana and in N. benthamiana leaf epidermal
cells, SHR localizes to endosomes (Wu and Gallagher,
2014; Supplemental Fig. S11, A and D). In N. benthamiana
leaf epidermal cells, endosome-associated SHR-GFP
shows punctate localization (shown here with YFP-SHR
and Rab2Fa-mCherry; inset in Supplemental Fig. S11D).
In marked contrast, the immobile variants of SHR, YFP-
SHR™' and YFP-SHR*™EPY show no association with
endosomes and diffuse localization throughout the cyto-
plasm (Supplemental Fig. S11, B C, E, and F). Disruption
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Figure 4. The kinG null mutation reduces the cell-
to-cell movement of SHR. A and B, Expression of
SHR:SHR-GFP in primary root meristems of (A)
wild-type (WT) seedlings and (B) kinG mutants. C,
Quantification of SHR-GFP E:S ratio in WT seed-
lings, kinG heterozygotes, and kinG homozygote
mutants. D and E, Expression of SHR:SHR-GFPin D
WTand E kinG roots treated with 0.3 um oryzalin for
12 h. F, Quantification of SHR-GFP E:S ratio in D and
E. G to |, Expression of SHR:SHR-GFP in G WT and
H kinG roots treated with 1 um oryzalin for 12 h. |,
Quantification of SHR-GFP E:S ratio in G and H. ] to
L, Expression of SHR:SHR-GFP in ()) siel-4 mutants
and (K) kinG/siel-4 double mutants. L, Quantifica-
tion of SHR-GFP E:S ratio in J and K. M, FRAP of
endodermis from the different plant lines and treat-
ments. Fluorescent recovery was measured 40, 80,
and 120 min after photobleaching. Scale bars,
25 pwm. *P < 0.05, **P < 0.01, by Student’s ¢ test
(n>5).
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of endosomes in intact roots inhibits the cell-to-cell
movement of SHR (Wu and Gallagher, 2014). Like-
wise, disruption of microtubules in A. thaliana disrupts
the association of SIEL with endosomes and the
movement of SHR between cells (Wu and Gallagher,
2013). To explain how KinG fits into this scenario and
facilitates the intercellular movement of SHR, we
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carefully examined interactions among SHR, endo-
somes, KinG, and actin using tobacco leaf epidermal
cells.

In tobacco leaf cells, YFP-SHR shows punctate lo-
calization that correlates with an association with en-
dosomes. YFP-SHR foci are highly dynamic moving
both within the cell cortex (Supplemental Movie 1) and
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Co-localization
- 48.8% (60/123)

Figure 5. Interaction between SHR-associated endosomes, actin strands, and KinG foci. A and B, Kymograph of KinG along a
microtubule (highlighted section in A) showing lack of motility (B). C to E, Z-stack maximal projection of a N. benthamiana leaf
epidermal cell coexpressing YFP-SHR (C) and the actin marker TagRFP-UtrCH (D). E, Overlay of YFP-SHR and TagRFP-UtrCH.
F to H, Coexpression of YFP-SHR (F) and TagRFP-KinG (G) in N. benthamiana epidermal cells. H, Overlay of YFP-SHR and
TagRFP-KinG. White arrows point to colocalization events. |, Time course of YFP-SHR associated vesicles pausing on a TagRFP-
KinG sites. The yellow arrow points to mobile YFP-SHR; the white arrow in frame 1:00.715 indicates TagRFP-KinG and YFP-SHR.
Between time 1:00.715 and 1:10.853, YFP-SHR (yellow arrow) moves to colocalize with TagRFP-KinG and YFP-SHR (white
arrow). After pausing there for approximately 2 min, YFP-SHR then moves to colocalize with TagRFP-KinG in a different region of
the cell (blue arrowhead). Scale bars, B, 5 um; Cto E, 25 um; Fto I, 10 um.

in the cytoplasm, often clustering around the nucleus
(Supplemental Movie 2). To test whether KinG might
drive the intracellular movement of SHR foci (SHR-
associated endosomes), we examined YFP-KinG motil-
ity. Using confocal microscopy, epidermal cells expressing
YFP-KinG were imaged every 3 s for 60 s. In these assays,
the YFP-KinG signal was remarkably stable, showing al-
most no movement (kymograph analysis, Fig. 5, A and B).
These results indicate that the high degree of mobility
observed for SHR-GFP is not a result of KinG-directed
mobility.

In plants, organelles generally move along actin fil-
aments and pause at microtubules (Hamada et al.,
2012). To test whether SHR associates with actin, TagRFP-
UtrCH was expressed along with SHR-GFP in tobacco
leaf epidermal cells. As shown in Figure 5, C-E, there is
significant overlap between SHR-GFP and the TagRFP-
UtrCH, suggesting that while in association with endo-
somes, SHR moves along actin. The dynamic movement
of YFP-SHR, the immotility of KinG, and the preferential
localization of KinG with microtubules suggest that
there are different populations of YFP-SHR and TagRFP-
KinG in the cell. To test for colocalization between SHR
and KinG, YFP-SHR was expressed together with
TagRFP-KinG in tobacco (Fig. 5, F-H). In these experi-
ments, we saw between 33.3% and 48.8% overlap in sig-
nal depending upon whether TagRFP-KinG or YFP-SHR
was used (respectively) to determine the region of interest.
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In instances were YFP-SHR foci colocalized with KinG,
YFP-SHR was immobile with an average velocity of
0.01 (£0.002) um/s. In contrast, when SHR-GFP was
not associated with KinG, SHR was mobile, with an
average velocity of 0.36 (=0.048) um/s (Supplemental
Movie 3; Fig. 5G). This difference between the two
populations of SHR was statistically significant (P <
0.001; n = 40). Remarkably, in instances where mobile
YFP-SHR encountered TagRFP-KinG, SHR movement
paused, often for several seconds to minutes, before
resuming movement (Fig. 5I; Supplemental Movies 4
and 5). As can be seen in Figure 5I (images time stam-
ped and extracted from Supplemental Movie 4), YFP-
SHR moves (yellow arrow) to colocalize with TagRFP-
KinG (white arrow). YFP-SHR is stable in this location
(for approximately 2 min) before moving to colocalize
again with TagRFP-KinG in a different position in the
cell (Fig. 51, blue arrowhead). These data suggest that
KinG may serve as a linker between actin and micro-
tubules and thus promote pausing of SHR-associated
endosomes in regions where actin and microtubules
overlap.

DISCUSSION

The plant cytoskeleton is a highly dynamic network
of proteins that interact to promote nearly all aspects of
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Movement complex assembly?
Post-translational modifications?

S\:\% o

Plasmodesmata

- -

Endosome

Figure 6. A hypothetical model for the involvement of KinG in the intercellular movement of SHR. SIEL binds to SHR and
localizes it to endosomes. These endosomes then move along actin strands, likely via myosin motor proteins. Subsequently, the
endosomes reach an actin-microtubule junction in which they pause via interaction of SIEL and KinG. Pausing on KinG may then
facilitate the assembly of a movement-competent protein complex and/or posttranslational modifications that promote the cell-

to-cell movement of SHR through plasmodesmata.

plant growth. Here, we characterized the localization
and function of KinG, a type 14 KCH. KinG showed
both cytoplasmic and nuclear localization in various
cell types in the A. thaliana root and N. benthamiana leaf
epidermal cells. In N. benthamiana, coexpression of flu-
orescently tagged KinG with markers of the microtu-
bule or actin cytoskeleton revealed extensive overlap
between KinG and TUA6 and moderate but significant
colocalization with UtrCH. Limited structure-function
analysis suggests that the aminoterminal kinesin do-
main of KinG is required for localization of the full-
length protein to microtubules. Truncated alleles of
KinG lacking the kinesin domain showed near-exclusive
nuclear localization in N. benthamiana leaf epidermal cells
and nuclear enrichment in A. thaliana roots, suggesting
that interactions with microtubules may prevent its
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accumulation in the nucleus. Similar results were seen
when YFP-KinG cells were treated with oryzalin. These
results suggest that KinG is a bona fide microtubule and
actin binding protein.

In the context of this study, KinG was identified as a
protein that coimmunoprecipitated with mobile ver-
sions of SHR (SHR-YFP or SHR-GFP) but not with
immobile variants (SHR*"NELPV_GEP or SHR™-GFP),
suggesting a role for KinG in the intercellular move-
ment of SHR. Indeed, the movement of SHR-GFP from
the stele into the endodermis is significantly reduced in
kinG loss-of-function lines. Since previous analysis of
SHR movement identified SIEL, endosomes, and mi-
crotubules as elements that facilitate SHR movement,
we analyzed KinG activity with respect to these other
factors. We found that KinG directly interacts with SIEL
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and that the SHR movement phenotype of kinG is
largely epistatic to siel. Loss of KinG sensitized roots to
the effects of oryzalin, but only with respect to SHR
movement (other microtubule-dependent processes
like cell elongation were not more sensitive to oryzalin),
suggesting that KinG promotes the movement of SHR
in a microtubule-dependent manner. Examination of
the intracellular dynamics of KinG and SHR suggest
that interaction of KinG promotes the pausing of SHR-
associated vesicles perhaps in regions of the cell where
microtubules and actin overlap. It is unclear how
pausing might promote the intercellular movement of
SHR; however, one possibility is that it allows for the
posttranslational modification of SHR or the transfer of
SHR to complexes that are destined for plasmodesmata.
Several KCH proteins colocalize with actin (Preuss
et al., 2004; Frey et al., 2009; Buschmann et al., 2011;
Klotz and Nick, 2012). This finding was attributed to
the actin-binding properties of the CH domain. How-
ever, no functional analyses were ever performed to
determine if the CH domain alone has the capacity to
bind actin in vivo. Our results (Fig. 2) show that fusion
of the KinG CH domain to YFP (YFP-KinG**") is in-
sufficient to localize the protein to actin. This finding
may indicate that the binding of the CH domain to actin
is weak/transient or that binding of kinesin motor do-
main to microtubules is required for the CH domain to
function as an actin-binding motif. Gimona et al. (2002)
suggested that single CH domains could serve as scaf-
folds, rather than actin cross linkers. The findings that
KinG forms a complex with SIEL and SHR, and that
endosomes pause on KinG support either hypothesis.
Hamada et al. (2012) suggested that pausing on
microtubules could accommodate the interaction and
exchange of molecules between different cellular or-
ganelles. In addition, the authors suggested that this
pausing could be facilitated by specific kinesins that
cross link organelles and microtubules. KinG may serve
as one such kinesin. Further experiments may deter-
mine if KinG is associated with pausing of other or-
ganelles such as peroxisomes, Golgi vesicles, or p
bodies and shed additional light on the relatively un-
explored phenomenon of organelle pausing and the
role KCHs play in that process. Roles for KinG in the
nucleus remain to be elucidated. Insights into the nu-
clear function of SIEL were recently provided by Liu
et al. (2016), who showed that SIEL (referred to as
DSP3) functions as a scaffold in the assembly and
function of the small nuclear RNA (snRNA) processing
complex. KinG may interact with SIEL in the nucleus to
promote the assembly of this complex as well.
Various plant organelles traffic on actin tracks and
pause when encountering microtubules. Interestingly,
in assays performed by Hamada et al. (2012), organelle
pausing persisted in presence of oryzalin, suggesting
that the plant cell provides alternate mechanisms to
sustain this process. This indicates the existence of re-
dundancy not only at the genetic level but also at the
cellular level. We observe a similar phenomenon of
“cellular redundancy” with respect to the cell-to-cell
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trafficking of SHR. While microtubules, actin, and the
endomembrane promote movement of SHR, blocking
any of them using chemical inhibitors does not com-
pletely eliminate trafficking of SHR (Wu and Gallagher,
2013, 2014). Null alleles of siel are embryonic lethal, and
siel partial loss of function still allow for the trafficking
of SHR, making it difficult to conclude that SIEL is in-
dispensable for the movement of SHR (Koizumi et al.,
2011). Similarly, the kinG null mutant only partially
inhibits the transport of SHR and does not enhance the
siel-4 mutant phenotype. The partial role of KinG in
promoting the movement of SHR can be explained by
additional KCH proteins that may serve similar func-
tions. However, the fact that treatment of kinG with
oryzalin only decreases movement by 68.9% argues
against an essential role. Given that plasmodesmata-
mediated signaling is essential for plant development
and survival, it is possible that multiple cellular path-
ways have evolved to maintain trafficking. This may
explain the limited ability of genetics to elucidate
plasmodesmata-mediated protein trafficking and our
consistent observations that inhibition of no one spe-
cific pathway is sufficient to completely block the
movement of SHR.

Oparka (2004) proposed the “grab-a-Rab” hypothe-
sis to explain how proteins are targeted to plasmodes-
mata. In this model, non-cell-autonomous proteins
associate with endosomes through interaction with Rab
proteins. The whole protein-Rab-endosome complex is
shuttled to plasmodesmata. This concept is mostly
based on the high enrichment of specific cargo proteins
in and around plasmodesmata and the localization of
the N terminus fragment of Rab11 to plasmodesmata
(Escobar et al., 2003). Our results, however, suggest that
the cytoskeleton and endomembrane systems do not
play a dynamic part in delivering SHR to plasmodes-
mata, but rather serve as a stable platform that likely
facilitates the assembly or modification of a movement-
competent SHR complex. This is mainly supported by
the findings that microtubule stabilization or misori-
entation do not hinder the trafficking of SHR (Wu and
Gallagher, 2013) and that KinG serves as a microtubule
pausing site for SHR-associated endosomes. According
to our model (Fig. 6), SHR associates to endomembrane
vesicles via interaction with SIEL. These vesicles move
along actin strands, likely via myosins, and pause on
microtubules. This pausing is facilitated by interaction
of SIEL with KinG. Pausing events may facilitate processes
that promote trafficking such as assembly of movement-
competent complex or posttranslational modifications
that enable directing SHR to plasmodesmata. The exact
manner by which SHR is targeted to plasmodesmata,
however, is not known.

MATERIALS AND METHODS
CRISPR/Cas9 Mutagenesis

The kinG null mutant was generated using the CRISPR/Cas9 mutagenesis
method described previously (Mao et al., 2013; Feng et al., 2014) with several
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modifications. A CRISPR/Cas9 target site within the KinG ORF, between the
CH and kinesin motor domain, was chosen using the CRISPR-PLANT platform
(http:/ /www.genome.arizona.edu/crispr/). The guide RNA was constructed
using the DNA oligos kinG_CRISPR_F and kinG_CRISPR_R (Supplemental
Table S1). These oligos were phosphorylated using PNK (New England Biolabs,
https://www.neb.com/), annealed, and cloned into the psgR-Cas9-At vector
using the BbsI restriction enzyme (Thermo Fisher Scientific, https://www.
thermofisher.com/us/en/home.html). The generated cassette was then cloned
into the pPCAM-NAP:eGFP binary vector, in which seed-coat-expressed eGFP
serves as selection marker (Wu et al., 2015). T1 seeds containing the CRISPR/
Cas9 cassette were screened based upon seed coat eGFP fluorescence. T1 plants
containing large insertions were screened using the kinG_fla_F and kinG_fla_R
primers, flanking a 302-bp fragment surrounding the gRNA target site. The
CRISPR/Cas9 cassette was segregated out, and homozygous T3 kinG mutants
were backcrossed twice with Col-0 wild-type plants to eliminate possible
nonspecific mutations.

Plasmid Construction and Transformation

The plasmids used in this research were cloned using the Gateway cloning
system (Thermo Fisher Scientific, https://www.thermofisher.com/us/en/
home.html). A pDONR207-KinG plasmid containing the KinG ORF with a stop
codon (Buschmann et al., 2011) was a kind gift from Dr. Henrik Buschmann
(University of Osnabruck, Germany). To clone p355:YFP-KinG and p35S:
TagRFP-KinG, pDONR207-KinG was recombined to the pEarleyGate104 (Earley
et al,, 2006) and pSitelI-6CT (Martin et al., 2009) respectively. *““KinG is an N
terminus-truncated version of KinG starting 420 bp from the original start co-
don. This version was cloned by amplifying the KinG CDS with the
KinGACH_F and KinGACH_R primers (Supplemental Table S1). KinG*K" is a C
terminus-truncated version of KinG that ends 1,806 bp upstream to the original
stop codon. This version was cloned by amplifying the KinG CDS with the
KinGAKin_F and KinGAKin_R primers (Supplemental Table S1). These versions
were further cloned into a pENTR/d-topo entry plasmid (Thermo Fisher Scientific,
https:/ /www.thermofisher.com/us/en/homehtml).  p355:YFP-KinGACH and
p355:YFP-KinGAKin were cloned by recombining pENTR-KinGACH and pENTR-
KinGAKin with the pEarleyGate104 plasmid. To clone C-terminal YFP fusion con-
structs, the stop codon was deleted from pDONR207-KinG using the QuickChange
II site-directed mutagenesis kit (Agilent Technologies, http://www.agilent.
com/). This plasmid was then recombined with modified versions of pGreen-
BarT containing SHR:attR1/R2-YFP or pEN7:attR1/R2-YFP (Wu et al., 2014) to
create SHR:KinG-YFP and pEN7:KinG-YFP. The cloned KinG promoter is a
2 kb fragment upstream to the KinG start codon. This fragment was am-
plified from genomic Col-0 DNA using the Kpnl_pKING_F and Xhol_p-
KinG_R primers (Supplemental Table S1). The fragment was then used to
replace the SHR promoter from the SHR:H2B-YFP using Kpnl and Xhol re-
striction sites (Wu et al., 2014), forming the KinG:H2B-YFP vector. p35S:
YFP-SHR, p35S:YFP-SHR™!, and p35S:YFP-SHR**N*'PV were cloned by
the recombination of pDONR221 containing either the SHR, SHR™®! or
SHR*"™NELPY ORF to pEarleyGate104. All plasmids were transformed into the
Agrobacterium strain GV3101-pSouppMP. A. thaliana (Arabidopsis thaliana;
Col-0) transformation was done using the floral-dip method (Clough and
Bent, 1998). Transgenic plants were screened by resistance to glufosinate-
ammonium (Basta) in soil.

Plant Material and Growth Conditions

The A. thaliana Col-0 ecotype was used as the wild type in all experiments.
Seeds were sterilized in 70% commercial bleach, rinsed with sterile Milli-Q
water three times, and imbibed at 4°C for 2 d prior to plating. Plants were
germinated vertically on 1X Murashige and Skoog medium (Caisson, www.
caissonlabs.com) containing 0.05% w/v MES (pH 5.7), 1.0% w /v Suc, and 1.0%
granulated agar (DIFCO, www.bd.com) in a growth chamber at 19°C, 16-h
light/8-h dark cycle. Root imaging was conducted 4 to 5 d after plating in all
experiments. Transgenic plants expressing SHR:SHR-GFP were crossed to the
homozygous kinG mutant. Detection of homozygous kinG mutants in the F2
population was done using PCR using the kinG_fla_F and kinG_fla_R primers
(Supplemental Table S1). Detection of homozygous mutants expressing SHR:
SHR-GFP was done on F3 plants based upon fluorescence. To generate kinG siel-
4 double mutants, the kinG homozygous mutants containing the SHR:SHR-GFP
marker was crossed to siel-4 mutants (Koizumi et al., 2011). Selection for siel-4
T-DNA lines was done using the siel-4_LP, siel-4_RP, and the LBb1 primers
(Supplemental Table S1). T-DNA lines with an insertion in the third exon of
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KinH (SALK_117796.49.20.x) were acquired from the ABRC. Homozygous
mutants were identified using kinH_LP and kinH _RP primers (Supplemental
Table S1) and crossed to the kinG homozygous mutants containing the SHR:
SHR-GFP construct.

CoIP/MS/MS Analysis

All seedlings were germinated and grown for 5 d on standard Murashige and
Skoog medium (Caisson, www.caissonlabs.com) containing 1% Suc. After 5 d of
growth, roots were excised from several hundred seedlings and processed as
previously described (Michniewicz et al., 2007). The two mobile SHR lines used
were SHR:SHR-GFP (Sena et al., 2004) and SHR:SHR-YFP (provided prior to
publication by Dr. Ben Scheres; Long et al., 2015). The two nonmobile SHR
proteins used were SHR:SHR*™NFIPV.GFP and SHR:SHR™'-GFP (Gallagher
et al., 2004; Gallagher and Benfey, 2009). To identify potential mediators of SHR
movement, the MS results were filtered to identity proteins (with a minimum of
two unique peptides) that are expressed in the stele of the root meristem
(Birnbaum et al., 2003; Brady et al., 2007) and coimmunoprecipitated with both
of the mobile SHR, but not the immobile variants

Transient Expression in Nicotiana benthamiana

Well-expanded leaves of 3- to 4-week-old N. benthamiana plants were infil-
trated according to the procedure previously described (Goodin et al., 2002).
For colocalization of KinG with microtubules, Agrobacterium culture containing
the 355:TagRFP-KinG construct was infiltrated into transgenic N. benthamiana
expressing p35S:GFP-TUAG6 (Gillespie et al., 2002), a kind gift from Dr. Karl
Oparlka (University of Edinboro, UK). For colocalization of KinG and Actin,
Agrobacterium culture containing 355:YFP-KinG was coexpressed with the actin
marker 355:TagRFP-UtrCH (Levy et al., 2015), a kind gift from Dr. Amit Levy
(University of Florida). Both cultured were mixed in a 1:1 OD ratio prior to
infiltration.

Chemical Inhibitor Treatments

Stock solutions of 20 mm latrunculin B, 20 mm cytochalasin D (Sigma, www.
sigmaaldrich.com), or 2 mm Oryzalin (Sigma) were prepared in dimethyl
sulfoxide and stored at —20°C. For the treatment of A. thaliana roots, 4- to 5-d-
old seedlings were grown on regular Murashige and Skoog agar plates and
transferred to the Murashige and Skoog plates containing the indicated con-
centration of oryzalin for the specified extent of time. Treatment of N. ben-
thamiana leaves was 48 h after agroinfiltration with 355:YFP-KinG. An MES
10 mM solution was supplemented with either oryzalin 2 um, latrunculin B
20 uM, cytochalasin D 20 uM, or no inhibitor as control was infiltrated to the leaf.
Response to the different inhibitors was monitored over time using confocal
microscopy.

Yeast Two-Hybrid Assay

The coding sequences of SHR and SIEL from the Col-0 ecotype were cloned
into pDEST22 as bait and transformed into the yeast strain Y187. The coding
sequences of KinG, *“KinG, and KinG**" was cloned into pDEST32 as prey and
transformed into the yeast strain AH109. Protein—protein interactions were
tested in diploid yeast cells by mating the two yeast strains as described by the
Matchmaker protocol (Clontech).

BiFC Analysis

The BiFC plasmids are the modified versions of pDEST-VYCE(R) and pDEST-
VYNE(R) (Wu etal., 2014; Gehl et al., 2009), to which the ORF of SIEL and KinG
were cloned, respectively. Protoplasts were isolated from well-expanded source
leaves of 3-week-old plants grown under normal light conditions. The enzyme
solution consisted of 1.5% (w/t) Cellulase R-10 and 0.5% Macerozyme R-10
(Yakult Pharmaceutical). In brief, 10 ug of plasmid DNA was mixed to a so-
lution containing an equal volume of 40% (v/v) polyethylene glycol (MW 4000;
Fluka) with 0.1 m CaCl, and 0.2 M mannitol. The mix was incubated at room
temperature for 13 min and then washed in W5 solution (154 mm NaCl, 125 mm
CaCl2, 5 mm KCl, 5 mm Gle, and 2 mm MES, pH 5.7). After 24 h incubation in
low-light conditions, protoplasts were imaged on a Leica TCS SL microscope
using a 20X water-immersion lens.
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Confocal Microscopy and Image Analysis

For imaging, roots were counterstained with 0.01 ug/mL propidium iodide in
water. All confocal images were obtained using a 20X water-immersion lens on a
Leica TCS SL microscope equipped with an argon-krypton ion laser. For coloc-
alization analysis, dual channel observation was conducted as sequential scan, to
prevent the detection of nonspecific signals. Colocalization analysis was done
using Image] (https://imagej.nih.gov/ij/). For KinG colocalization with actin or
microtubules, a segmented line was drawn through several KinG foci. For SHR
colocalization with KinG, a segmented line was drawn through several SHR
puncta. Relative fluorescent intensities were then quantified using the plot profile
tool for the red and green channel separately. An overlap between a red peak and
a green peak was considered one colocalization event. For each experiment, at
least four independent images were analyzed. Kymograph construction and
analysis was done on a time series imaging of YFP-KinG expressed in N. ben-
thamiana epidermal cells as previously described (Martinez de Alba et al., 2015)
using the Multi Kymograph tool in ImageJ (https:/ /imagej.nih.gov/ij/). Vesicle
velocity for YFP-SHR was measured using confocal time series. Distance was
measured by tracking a given vesicle from the first frame to the last frame it
appeared in the focal plane. The ratio between this value and the number of
seconds the vesicle remained in frame was defined as vesicle velocity.

FRAP

Fluorescence recovery after photobleaching (FRAP) analysis was done
according to (Wu and Gallagher, 2015) with the following modifications: In
brief, photobleaching of GFP in the endodermis was done using 20 iterations of
the 488-nm laser at 45% power on a Leica TCS SL microscope equipped with an
argon-krypton ion laser. The microscope slides holding the seedlings were then
placed in a moist petri dish during the increments. The endodermis-to-stele
ratio of SHR-GFP in the different time points was then determined using
Image]. Fluorescent recovery was determined by subtracting the SHR-GFP
endodermis-to-stele ratio measured immediately after photobleaching from
the endodermis-to-stele ratio at a given time point (E:S[t,] — E:S[t,]).

Accession Numbers

KinG, Atlg63640. KinH, At5g41310. SHR, At4g37650. SIEL, At3g08800.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. GFP marker lines used in colIP experiment to
detect proteins potentially involved in SHR movement.

Supplemental Figure S2. Interaction of KinG with SIEL.

Supplemental Figure S3. KinG MT-binding activity in dividing root mer-
istem cells.

Supplemental Figure S4. Subcellular localization of KinG in N. benthami-
ana leaf epidermal cells.

Supplemental Figure S5. The KinG kinesin motor domain is required for
interaction with SIEL.

Supplemental Figure S6. Response of KinG to cytochalasin D in N. ben-
thamiana leaf epidermal cells.

Supplemental Figure S7. The kinG null mutant displays normal root pat-
terning and growth.

Supplemental Figure S8. FRAP analysis of SHR movement.
Supplemental Figure S9. The kinG X kinH double mutant.

Supplemental Figure S10. Movement of SHR-GFP in kinG mutants treated
with oryzalin.

Supplemental Figure S11. Cell-to-cell mobility of SHR in A. thaliana is
associated with its endosomal localization in N. benthamiana leaf epider-
mal cells.

Supplemental Table S1. DNA oligos used in this study.

Supplemental Movie 1. Expression of YFP-SHR in a N. benthamiana leaf
epidermal cell.

Plant Physiol. Vol. 176, 2018

Role for a Calponin-Homology Kinesin in SHR Movement

Supplemental Movie 2. The nuclear region of a N. benthamiana leaf epi-
dermal cell expressing YFP-SHR.

Supplemental Movie 3. Co-expression of YFP-SHR and TagRFP-KinG in a
N. benthamiana leaf epidermal cell.

Supplemental Movie 4. Pausing of YFP-SHR on TagRFP-KinG foci.
Supplemental Movie 5. Pausing of YFP-SHR on TagRFP-KinG foci.
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