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Summary

In plants, the cortical ER network is connected to the plasma membrane through the ER-PM
contact sites (EPCSs), whose structures are maintained by EPCS resident proteins and the
cytoskeleton [1-7] . Strong co-alignment between EPCSs and the cytoskeleton are observed in
plants [1, 8], but little is known of how the cytoskeleton is maintained and regulated at the
EPCS. Here we have used a yeast-two-hybrid screen and subsequent in vivo interaction studies
in plants by FRET-FLIM analysis, to identify two microtubule binding proteins, KLCR1 (Kinesin
Light Chain Related protein 1) and 1QD2 (IQ67-Domain 2) that interact with the actin binding
protein NET3C and form a component of plant EPCS, that mediates the link between the actin
and microtubule networks. The NET3C-KLCR1-IQD2 module, acting as an actin-microtubule
bridging complex, has a direct influence on ER morphology and EPCS structure. Their loss of
function mutants, net3a/NET3C RNAi, klcrl or igd2, exhibit defects in pavement cell
morphology which we suggest is linked to the disorganization of both actin filaments and
microtubules. In conclusion, our results reveal a novel cytoskeletal associated complex, which
is essential for the maintenance and organization of cytoskeletal structure and ER morphology

at the EPCS, and for normal plant cell morphogenesis.
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Results and Discussion

Kinesin-light chain related protein (KLCR) interacts with NET3C

NETWORKED 3C (NET3C) belongs to a plant specific NETWORKED superfamily of actin binding

proteins[9], it localizes at the EPCSs and interacts with the ER localized vesicle-associated

membrane protein (VAMP)-associated protein 27 (VAP27) proteins and the cytoskeleton[1, 8].
In order to characterize the function of NET3C, a yeast-two-hybrid screen was performed using
NET3C as bait, which identified an interaction with KLCR1 (also known as Cellulose synthase-
microtubule Uncoupling 1) that associates with microtubules and the plasma membrane
(Figure 1A) [10-12]. In Arabidopsis, KLCR1 has two close homologues (Figure 1B). One-on-one
yeast-2-hybrid (Y2H) interaction tests were performed between the NET3 and KLCR families.
The results indicate that NET3C interacts with all three KLCR proteins, while NET3A exhibits

weak interactions with KLCR1/2 (Figure 1C), suggesting some redundancy in their interactions.

To further investigate the NET3C-KLCR interaction, in vivo colocalization analyses were
performed. In N. benthamiana leaf epidermal cells, Red fluorescent protein (RFP)-NET3C can
recruit KLCR1/2-Green fluorescent protein (GFP) to the EPCSs from the cytoplasm, but not
KLCR3 (Figures 1D-1G). The effectiveness of NET3C recruitment was measured using the signal
intensity ratio; the strongest recruitment was seen with KLCR1 (Figure 1H). In agreement with
the yeast two hybrid and co-localization results, the interaction between NET3C and
KLCR1/2/3 was further tested in a FRET-FLIM assay [13]. The average fluorescence lifetimes of
GFP-NET3C were reduced significantly in the presence of RFP-tagged-KLCRs indicating physical
interactions. The negative control using free RFP is not able to reduce the lifetime of GFP-

NET3C (Figures 11-1J).

Taken together, we have identified an interaction between NET3C and KLCR1. Having such an

interaction would enable KLCR1 to be recruited to VAP27/NET3C labelled EPCSs.

KLCR1 forms stationary foci that associate with microtubules, ER and NET3C at endogenous

conditions.

Analysis of subcellular KLCR1-GFP localization expressed in Arabidopsis under normal
endogenous conditions (driven by its native promoter) revealed that KLCR1-GFP forms
stationary puncta that associate with cortical microtubules in a beads-on-a-string pattern
(Figure 2A-2C). Some of these KLCR1 foci also associated with the ER; kymograph analyses

indicate that these structures are relatively immobile and that they closely associate with



stationary ER structures, a feature that is reminiscent of ER-PM contact sites (Figure 2D-2E).

Immunofluorescence studies were also performed using the transgenic pKLCR1:KCLR1-GFP
(klcr1) line and a NET3C antibody [1]. As expected, endogenous NET3C localizes to EPCSs that
are associated with the ER network (Figure 2F). Partial co-localization/co-alignment between
endogenous NET3C and KLCR1-GFP labeled microtubules is observed (Figure 2G, arrow),
suggesting that these KLCR1 puncta associated with ER and NET3C at the EPSCs. As a control,
the NET3C antibody was pre-incubated with a NET3C peptide before immuno-labeling and this
resulted in the NET3C signal being almost completely abolished, indicating the effectiveness
of the NET3C antibody (Figure 2H). Taken together, the co-localization results between anti-
NET3C and ER; anti-NET3C and KLCR1-GFP, further support the conclusion that the KLCR1

labelled foci are EPCS associated.

All three KLCRs associate with microtubules through 1Q67 domain proteins (IQD)

Previous studies reported that KLCR1 locates to microtubules through IQD proteins, which are
plant-specific proteins that bind to calmodulin [10, 11]. The IQD protein family has 33
members, most of them are localize to microtubules and regulate plant development [14-16].
Some IQD proteins (e.g., IQD13), are also able to associate with the plasma membrane and act

as a lateral fence to spatially control the plasma membrane domains [17].

In this study, we further demonstrate that KLCR proteins can be recruited to microtubules
through their interaction with 1QD2 (Figure S1). When RFP tagged KLCR proteins are expressed
alone in N. benthamiana, they show a cytosolic localization (Figures S1A-S1C). However, when
they are co-expressed with GFP-IQD2, they can be clearly seen on the microtubules (Figures

S1D-S1G).

Upon strong expression (e.g., using the 35S promoter), KLCR proteins localize to the cytosol,
indicating that the amount of endogenous 1QD protein is too low to efficiently recruit large
amounts of KLCR proteins to microtubules; the cytoplasmic background is also likely to mask
any observable weak microtubule labeling. This phenomenon is similar to the localization
patterns observed with TONNEAU 1 (TON1) which also localizes to the cytosol in tobacco cells
but can be targeted to microtubules in the presence of TON1 Recruiting Motif (TRM) proteins
[18, 19]. However, when there is weak expression of KLCRs under the control of a ubiquitin
promoter in N. benthamiana, co-alignment of KLCRs with microtubules is also observed

(Figure S1H), like what is shown in stable transgenic lines.



The NET3C-KLCR-IQD complex exists in plants

As KLCR proteins are recruited to microtubules by proteins from the 1QD family (Figure 2 and
Figure S1), and KLCRs interact with NET3C at the ER-PM contact sites, we asked whether NET3C
could also interact with 1QDs to form a trimeric NET3C-KLCR-IQD complex, using the split-
ubiquitin system [20]. We observed no direct interaction between NET3C and IQD2 in this
assay, but the interaction between KLCR1 and NET3C, and between KLCR1 and IQD2 was
consistently reproducible (Figure 3A). Interestingly, when either KLCR1 or KLCR2 is included,
interactions between NET3C and QD2 are clearly identified (Figure 3B). Furthermore, almost
complete co-localization was observed when these three proteins are co-expressed in vivo

(Figure 3C).

In agreement with this result, we found that if the expression level of 1QD2 is low, partial
association between NET3C, 1QD2 and microtubules is seen (Figure S2A), and the co-
localization between NET3C and IQD2 can be enhanced in the presence of KLCR1 (Figure S2B).
A strong association between NET3C and 1QD2 is achieved when the expression levels of both
NET3C and 1QD2 are high (Figure S2C). It is likely that NET3C and QD2 may exhibit indirect or
a very weak association, and KLCR acts as a ‘linker/stabilizer’ between NET3C and 1QD2,
facilitating the interaction. Similarly, partial co-localization between GFP-IQD2 and
endogenous NET3C is found in Arabidopsis cells that are immuno-labelled with the NET3C
antibody (Figure S2D), whereas, strong co-localization of IQD2 and NET3C can be achieved in
Arabidopsis cells transiently over-expressing these proteins (Figure S2E). FRET-FLIM studies
indicate that the fluorescence lifetime of GFP-NET3C is not affected dramatically when co-
expressed with RFP-IQD2(despite strong co-localization), supporting the fact that these two

proteins are part of a complex but do not directly interact (Figure 3D).

Moreover, when NET3C is co-expressed with other IQD proteins, clear co-localization can be
observed with IQD1, 1QD12 and 1QD22, but not with IQD25 (Figure S2F-S2G), suggesting that
the complex of NET3C and IQDs exist across the different IQD subgroups. In summary, we have
demonstrated the existence of a novel protein complex consisting of NET3C-KLCRs-IQD2 that

crosslink actin and microtubules at the ER and PM interface [1, 10, 14](Figure 3E and 3F).

NET3C-KLCR1-1QD2 complex mediates the interaction between actin, microtubules and ER

at the EPCS

It has been shown that alteration in EPCS has a direct effect on the morphology of the ER. For

example, wider ER polygonal structures are observed in Arabidopsis syt1 knock-out mutants



[2]. Moreover, ionic stress can redistribute SYT1 along cortical ER tubules and increases the
number of EPCS, thereby increasing ER-PM connectivity [3]. NET3C is a plant specific protein
that mediates the link between the ER and the PM [1]. Therefore, altering the abundance and
localization of NET3C may be predicted to have a direct impact on the morphology of the ER
network. Indeed, the number of fully enclosed ER polygons is significantly increased in cells
overexpressing NET3C (p=9.1815e-04) (Figure 3G-l). This is likely to be because NET3C
overexpression results in the generation of additional ER-PM contact sites, thereby increasing

the number of ER polygons (Figure 3J).

Endogenous NET3C localizes to discrete punctate structures which are closely associated with
the ER network and KLCR1/1QD2 labelled microtubules (Figures 2F-G and S2D). Interestingly,
when both RFP-NET3C and GFP-IQD2 are co-expressed in N. benthamiana, the overall ER
network follows the same pattern as the microtubules (Figure 3K). Strong ER-microtubule co-
alignment is found in cells co-expressing NET3C, QD2 and VAP27-1; with NET3C/VAP27-1
labeled EPCSs appearing as puncta aligning along 1QD2 labeled microtubules (Figure 3L).
Therefore, the rearrangement of the ER network along microtubules is likely to be due to an
increased ER-microtubule association, and the altered distribution of EPCSs (Figure 3M). In
addition, some triple transient expression studies have been performed as controls: NET3C,
KLCR1 and VAP27-1 (Figure S3A); NET3C, KLCR1 and HDEL (Figure S3B); 1QD2, KLCR1 and
VAP27-1 (Figure S3C). None of these combinations exhibit strong ER-microtubule co-alignment
as observed in Figure 3K. However, the overexpression of KLCR1 and IQD2 can also lead to
partial co-alignments of microtubules and ER tubules (Figure S3D), although not as strong as
overexpression of IQD2 and NET3C. We therefore hypothesize that KLCR1 can serve as a bridge
between IQD2 and NET3C and the co-existence of NET3C, VAP27, KLCR1 and 1QD is important

for mediating the interaction between ER-PM and the cytoskeleton.

As KLCR1 and 1QD2 have been shown to localize to microtubules, and NET3C is known to bind
the actin, then the NET3C-KLCR1-1QD2 complex could mediate the link between the two
filament systems at the EPCS. To test this hypothesis, Yellow fluorescent protein (YFP)-actin-
Chromobody (Actin-Cb) or Kinesin Motor Domain (KMD)-RFP were co-expressed with both
IQD2 and NET3C in N. benthamiana. CFP-IQD2 co-localized with RFP-NET3C on KMD-GFP
labeled microtubules (Figure S3E) or YFP-Actin-Cb labeled actin filaments (Figure S3F). Cells
expressing both YFP-Actin-Cb, KMD-RFP and HDEL were used as a control and no co-alignment

between actin filaments, microtubules and ER network was observed (Figure S3G).

It is known that the ER dynamics in plants is also regulated by microtubules [21, 22]. As the



NET3C-KLCR1-1QD2 complex can mediate the connection between actin filaments and
microtubules, this indicatesplants may have a specific mechanism for enabling actin-
microtubule and ER interactions. Furthermore, enhanced association of ER and the
cytoskeleton is found when NET3C-KLCR-1QD2 were over-expressed (Figure 3C, K-L) which is in
agreement with our conclusion that these proteins have the capability to mediate the link
between ER and the cytoskeletal network (Figure 3E-F). However, when these proteins are
kept at endogenous levels, the complex is likely localized to the place where ER, PM, actin and

microtubules normally converge, that is at the EPCS (Figure 3M) [8].

The structures of ER/EPCS and the cytoskeleton are affected when the NET3C-KLCR1-1QD2

complex is dysfunctional.

In order to study the function of the NET3C-KLCR1-1QD complex in plants, we used T-DNA
insertion mutants of klcrl (the key component of the complex) (Figure S4A-B), and crossed
them with MAP4-GFP/Tubulin-mCherry (microtubules) and Lifeact-GFP (Actin) Arabidopsis
reporter lines. Clear disorganization of the cytoskeletal network is observed in the klcrl
mutants (Figure 4A-B). The microtubule fibril array anisotropy score was used to assess
microtubules organization, the score is from 0 (no order) to 1 (ordered) [23]. The average
anisotropy score in wild type cells is significantly higher than that in klcr1 mutants, indicating
that the microtubule arrays in cotyledon pavement cells of klcr1 are less ordered (Figure 4C-
D). Mutants carrying the actin marker appeared to have fewer weakly labeled thin filaments
and more thick bundled filaments (Figure 4E). The skewness of fluorescence intensity
distribution was used to investigate the level of actin filament bundling. The average skewness
value of actin filaments in wild type plants was significantly smaller than the value in the same
cells in klcrl plants (Figure 4F). Such a cytoskeletal phenotype is also reported in other iqd

mutants (e.g., iqd5) [15], so it is likely that the igd2 mutant in this study exhibits similar defects.

Moreover, the EPCS marker VAP27-1-YFP was also crossed into klcrl mutants. We observed
that the ER structure is affected in the klcrl mutant; the area of ER cisternae increased
significantly as quantified using “AnalyzER” (Figure 4l-J). In plants co-expressing VAP27-1-YFP
and Lifeact-GFP, co-localization between thick ER streaming and actin bundles is prominent,
and such an arrangement is rarely observed in wild type plants (Figure 4G-H). Interestingly, the
size of VAP27 labelled EPCSs appear much smaller (Figure 41-K). Taken together, these data
suggest that the NET3C-KLCR1-IQD complex is essential for EPCS structure. Previous studies
have indicated that microtubules are essential for EPCS-VAP27 protein dynamics [1], which

likely involves the function of microtubule-localized proteins at the EPCS (e.g., KLCR1).



Arabidopsis mutants of NET3C, KLCR1 and IQD2 are defective in cell expansion and

pavement cell morphogenesis.

When klcrl and iqd2 seedlings were grown on vertical plates, the overall development appears
similar to wild type, however, their roots skewed to the left (Figure 4L-M). This phenotype is
likely due to the left-handed helical arrangement of the root epidermal cells (Figure 4N), a
phenomenon that has been reported in plants with aberrant microtubule organization [24-26].
Expression of proKLCR1:KLCR1-GFP or pro/lQD2:1QD2-GFP in their respective mutant plants
was able to rescue the twisting root growth phenotype (Figure 4L-N), suggesting that the

phenotype of klcrl and iqd2 is directly related to the loss-of-function of KLCR1 or IQD2.

Furthermore, quantitative analysis (using PaCeQuant [27]) suggests that the morphogenesis
of leaf pavement cells is also significantly altered. In wild type plants, cotyledon pavement cells
show an interlocking jigsaw puzzle appearance with lobes and indentations. However, in both
the klcr1 and the igd2 mutants, the cells became more circular, and other key parameters such
as average lobe length and the max core width of the pavement cells are also significantly
changed (Figure 40-P). Moreover, pavement cell morphology in the net3a/NET3C RNAi mutant
was also studied, as our result showed that NET3A and NET3C are likely to interact with KLCR
proteins (Figure 1C). The leaf pavement cells from these double mutants also exhibit a small
but significant difference in cell area and circularity (Figure S4C-D). Taken together, we suggest
that disruption of the protein composition of the NET3C-KLCR1-IQD complex has an overall

effect on cell morphology.

Some cytoskeletal associated proteins localize to the membrane-cytoskeleton interface [28,
29], where membrane remodeling could possibly interplay with cytoskeletal organization
thereby regulating key subcellular activities. Members of the KLCR and 1QD families are known
as PM peripheral associated proteins from previous studies [11, 14]. Here we have
demonstrated that these proteins can interact with NET3C, forming a NET3C-KLCR-IQD
complex at the ER-PM interface where the actin cytoskeleton and microtubules converge.
These findings support our hypothesis that EPCS in plants may act as a hub for cytoskeletal
organization and signal sensing [30]. In the wild type, some actin cytoskeleton may cross-link
with microtubules at the EPCS [1, 8] through the NET3C-KLCR1-1QD2 complex. The loss of
function of KLCRs affects the association between NET3C and IQDs at the actin, microtubule

and EPCS interface, resulting in changes in cytoskeletal and ER organization (Figure 4Q).

KLCR1 is known to stabilize microtubules at the cell cortex [11, 12], whether this process



involves EPCS remains to be confirmed. In plants with a dysfunctional NET3C-KLCR-IQD
complex, the ER, EPCS structure and cytoskeletal organization are altered. Consequently, a
defective developmental and cell morphology phenotype is observed. However, with the tools
we have to date, it is impossible to tell whether the mutant phenotype is a direct effect of
cytoskeletal rearrangement, or ER/EPCS alteration. As the cytoskeleton-ER system are closely
linked, affecting one component is likely to have a direct effect on the other. In previous work,
QD proteins have been shown to interact with calmodulin, which may suggest that the activity
of the NET3C-KLCR1-1QD2 is mediated by a calcium signal. Such calcium signals could be
sensed by IQDs through their interaction with calmodulin, consequently changing cytoskeletal
and ER organization in that region. This could be important as the degree of ER-PM connection

has a direct effect on exocytosis, endocytosis, autophagy and lipid transport [31-36].
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Figure 1. NET3C interacts with KLCR proteins. (A) The interaction between full length NET3C
and KLCR (a.a.11-269) was identified in a Y2H screen. (B) Predicted protein structures of KLCR
proteins in Arabidopsis using the Simple Modular Architecture Research Tool (SMART)
program. Green boxes indicate tetratricopeptide regions (TPR), which from a right-handed
helical structure serves as a platform to facilitate protein-protein interactions; red boxes
indicate regions of low complexity and grey lines represent non-domain containing protein
regions. (C) Y2H assay of interactions between NET3 proteins and full length KLCR proteins.
Growth assay of haploid yeast cells co-expressing GAL4-DNA Binding Domain (DBD) fusions of
NET3A, NET3B and NET3C with GAL4-Activation Domain (AD) fusions of KLCR1, KLCR2 and
KLCR3. DBD and AD alone (@) were included as negative controls. Yeast cells were grown for 2
days on vector-selective media (Complete Supplement Mixture [CSM]-Leucine, Tryptophan
[LW]) and on interaction-selective media (CSM-Leucine, Tryptophan, Histidine [LWH]). (D) The



subcellular localization of NET3C and KLCR1 in N. benthamiana leaf tissues. NET3C and KLCR1
are localized at the punctate structures and in the cytosol, respectively, when they are
expressed on their own. (E-H) The expression of RFP-NET3C can recruit KLCR1-GFP and KLCR2-
GFP to punctate structures, but not KLCR3-GFP. The fluorescence intensity of the
KLCR1/KLCR2-GFP cytosolic background and puncta werecalculated using image J. Asterisks
indicate statistically significant differences from wild type (Student’s t-test, **p<0.01). n=5
cells. (I1-J) FRET-FLIM analysis of the interactions between NET3C, KLCR1, KLCR2 and KLCR3.
The average fluorescence lifetime of GFP-NET3C when expressed on its own was found to be
2.48+0.01 ns, whereas the average fluorescence lifetime of GFP-NET3C was reduced by 0.17,
0.13 and 0.16 ns when co-expressed with KLCR1, KLCR2 and KLCR3 respectively. GFP-NET3C
was co-expressed with RFPyt as a negative control and the fluorescence lifetime was
measured at 2.49+0.01 ns. Asterisks indicate statistically significant differences from wild type

(t-test, ***p<0.001). Scale bar: 10 um. See also Figure S1.
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Figure 2. KLCR1 is associated with microtubules, ER and NET3C at the endogenous conditions.
(A) KLCR1 in Arabidopsis forms foci which co-localized with microtubules. (B) Fluorescence
intensity plot along the dashed line in (A) (merge). The picks of KLCR1 and Tubulin signals were
highly corelated. (C) Mander’s coefficient test of KLCR1-GFP and Tubulin-mCherry co-
localization in Arabidopsis cotyledon cells. The coefficient of the KLCR1-GFP against the
Tubulin-mCherry is significantly higher than the reverse, indicating that not all of the
microtubules were covered by KLCR1 signals. Asterisks indicate statistically significant
differences from wild type (t-test, ***p<0.001). n=16 cells form 5 seedlings. (D) Most of the
KLCR1 foci are associated with the ER network. (E) Association of KLCR1 with the ER network
further corroborated by a kymograph. The black arrows indicate the stable association sites.
(F) Immunofluorescence of GFP-Histidine, aspartic acid, glutamic acid, Leucine (HDEL)
expressing Arabidopsis root tips with GFP and NET3C antibodies. Endogenous NET3C forms
puncta which were associated with the ER network. (G) Immunofluorescence of
pKLCR1:KLCR1-GFP expression Arabidopsis cotyledon epidermal cells with GFP and NET3C



antibodies. Some NET3C puncta co-aligned with KLCR1 labeled microtubules and co-localized
with KLCR1 foci (59.3+0.1% association); white arrows indicate examples of co-alignment and
association. n=5 cells. (H) Co-incubation of the NET3C peptide immunogen with the NET3C
antibody before immune-labeling. The NET3C signal seen previously was abolished with no
effect on the KLCR1 labelling of the microtubules. Scale bar: 10 um.
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Figure 3. NET3C forms a complex with KLCR1 and IQD2, mediating the interaction between
actin, microtubules and ER at the EPCS. (A) Growth assay of haploid yeast cells co-expressing
NET3C-Cub with NubG-fusions of KLCR1 and IQD2 (top); KLCR1-Cub with NubG-IQD2 (bottom).
NubG is included as a negative control; no direct interaction between NET3C and IQD2 was
observed after 3 days. (B) Growth assay of haploid yeast cells co-expressing the bait construct
NET3C-Cub and the prey construct NubG-1QD2. KLCR1 and KLCR2 were included as a linker in
yeast cells in the top and middle rows, respectively. Yeast cells were used at OD600 value of
1 (A) and 0.8 (B), and in dilutions of 1:10 and 1:100 on vector selective media (A, CSM..w, B,
CSM..wu) and on interaction selective media (A, CSM..waum; B, CSM-1wuanm) with increasing Met
concentrations. Growth was monitored after 4 days. The results indicate that NET3C only
interacts with 1QD2 in the presence of KLCR1 and KLCR2, suggesting that KLCR proteins
facilitate the formation of a NET3C-KLCR-IQD complex. (C) The co-expression of RFP-NET3C,
CFP-1QD2 and KLCR1-GFP in N. benthamiana suggests that the three proteins co-localized to
microtubule like structures, and NET3C labeled EPCSs as puncta aligning along microtubules.
(D) FRET-FLIM analysis of the interaction between NET3C and IQD2. The average fluorescence
lifetime of GFP-NET3C was measured as 2.49+0.01 ns when expressed alone, whereas RFP-
IQD2 was only able to reduce the fluorescence lifetime of GFP-NET3C by 0.07 ns, to an average
value of 2.42+0.01 ns. This difference in fluorescence lifetime does not indicate a convincing
interaction. (E) Putative model of NET3C-KLCRs-IQDs complex at the EPCSs. KLCRs interact
with 1QDs at the microtubules and may transiently associated with EPCSs and actin
cytoskeleton through interacting with NET3C. (F) Diagram of interaction between IQDs, NET3C,
KLCRs and VAP27-1. Blue solid lines indicate physical interactions which were confirmed using
FRET-FLIM or yeast-two-hybrid. Dotted lines indicate co-localization or indirect interactions.
(G) N. benthamiana cells co-expressed with CFP-HDEL and Tubulin-mCherry were used as a
control in the analysis of ER morphology. (H) The morphology of the ER (as labelled by CFP-
HDEL) is altered when RFP-NET3C is over-expressed. The average number of polygonal ER
structures were increased. (1) The quantification of polygon numbers per micron. Asterisks
indicate statistically significant differences from wild type (t-test, ***p<0.001). n=17 cells. (J)
Schematic of NET3C in relation to the cortical ER network. Under control conditions, the
expression of NET3C is low and the ER meshwork appears to be normal. However, over-
expression of NET3C may cause more ER-PM contact sites resulting in more ER polygonal rings
being produced. (K-M) KLCR1, NET3C and IQD2 form a protein complex and facilitates the
association between the ER network and microtubules. Over-expression of both 1QD2 and
NET3C induces a rearrangement of ER network along the microtubules. Scale bar: 10 um. See

also Figures S2-S3.
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Figure 4. The loss of function mutants of KLCR1, NET3C and IQD2 are defective in pavement
cell morphogenesis. (A-B) Representative images of cotyledon pavement cells co-expressing
Lifeact-GFP and Tubulin-mCherry. The cytoskeleton network is disorganized in the klcrl
mutants. (C-D) Representative images of cotyledon pavement cells expressing MAP4-GFP,
guantitative analysis of cortical microtubule arrays suggested that the anisotropy of klcri
mutant was significantly reduced (0.11+0.05) in contrast to the wild type (0.14+0.05),
suggesting the structure of microtubules are more disordered without KLCR1. Asterisks



indicate statistically significant differences from wild type (Student’s t-test, ***p<0.001) (E-F)
Representative images of cotyledon pavement cells expressing Lifeact-GFP, the average
skewness value of actin filaments in wild type plants is observed to be 2.03+0.03, which was
significantly smaller than the value in the same cells in klcrl plants (2.36+0.04). Asterisks
indicate statistically significant differences from wild type (Student’s t-test, ***p<0.001). (G-
H) Representative images of cotyledon pavement cells co-expressing VAP27-1-YFP and
Lifeact-GFP. Co-localization between thick ER stream and actin bundle can be clearly observed
in klcrl mutant. (1)-(J) Representative images of cotyledon pavement cells expressing VAP27-
1-YFP. The structure of ER network and EPCSs were affected in klcrl mutants. Asterisks
indicate statistically significant differences from wild type (t-test, ***p<0.001). n=15 to 18
cells from 5 to 6 seedlings. (L-M) Phenotypes of 7-day-old Arabidopsis seedlings. Primary roots
of klcr1 and igd2 mutants slanted towards the left side as viewed from above the plates. The
root epidermal cells of klcrl and iqd2 showed left-handed helical arrangement when
compared to wild type, whose root epidermal cells exhibited parallel arrangement. Expression
of pKLCR1: KLCR1-GFP and p/QD2:1QD2-GFP in the klcrl and iqd2 mutants was able to rescue
the twisting root growth phenotype. Root skewing scale bars: 1 cm. Epidermal cell file rotation
scale bars: 1 mm. (N) Root slanting angles of 7-day-old wild type and mutant seedlings grown
vertically on agar plates. The different uppercase letters indicate the significance of p<0.001
by Tukey’s Multiple Comparison Test. n=40 to 50 seedlings. (O) Pavement cell shape in
cotyledon of 5-day-old seedlings. Inverted confocal images of the adaxial (top) side of
cotyledons from wild type (Col-0) and klcr1 and igd2 mutants stained with40 UM propidium
iodide (PI). Scale bar: 100 um. (P) Violin plots of value distributions of cell area, circularity,
lobe length and maximum core width. Circles and crosses refer to medians and means; vertical
black lines represent SD (thick line) and the 95% confidence interval (thin lines). The width of
each violin represents the local distribution of feature values along the y axes. Different letters
denote significant statistical differences. (p<0.01 by Kruskal-Wallis and Dunn posthoc test). (Q)
The loss of function of KLCR1 affects the structure of the cytoskeleton and the ER network.
See also Figure S4.
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RESOURCE AVAILABILITY

Lead Contact and materials availability

Further information and requests for resources and reagents should be directed to and will be

fulfilled by the Lead Contact, Pengwei Wang (wangpengwei@mail.hzau.edu.cn).

Unique materials used in this study will be freely available.

Data and Code availability

This study did not generate/analyze any unique datasets/code.

EXPERIMENTAL MODEL AND SUBIJECT DETAILS

The WT Columbia-0 (Col-0) was used in all experiments. The T-DNA insertion mutants and
transgenic lines in these backgrounds as detailed in the Key Resources Table. Arabidopsis

plants were grown under a 16h (22 °C) 8h (18°C) light/dark photoperiod in a growth room

Method Details

Plant material and transformations

Arabidopsis Columbia Col-0 ecotype was used as the background line for the generation of
stable transgenic plants using the Agrobacterium-mediated floral-dipping as described in [37].
Seeds were grown on 1/2 Murashige and Skoog (1/2 MS) agar in a growth chamber with a 16h
(22 °C): 8h (18 °C), light: dark regime. For 1QD related work that was performed in Halle, seeds
were surface-sterilized with chlorine gas and plated on plates with Arabidopsis thaliana Salts
(ATS) medium, 0.5 % (w/v) phyto agar (DuchefaBiochmie), 1 % (w/v) sucrose [38].
Agrobacterium-mediated transient transformation of N. benthamiana leaf epidermal cells was
performed according to [39]. N. benthamiana plants were kept in a growth room with a 16h

(25 °C): 8h (18°C), light: dark regime.

Molecular cloning

GFP-IQD1, GFP-IQD2, GFP-IQD12, GFP-IQD22 and GFP-IQD25 were generated in a previous
study [40]. The cDNAs of full-length KLCRs 1-3 and NET3A-C were amplified from total seedling

cDNA using PCR, with the primers listed in Supplemental Table S1. The fluorescent fusion
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proteins were cloned into various destination vectors using Gateway cloning system
(Invitrogen). The destination vector of pK7WGR2 (N-terminal RFP), pMDC83-RFP (C-terminal
RFP), pMDC83-GFP (C-terminal GFP), pMDC83-mCherry (C-terminal mCherry) and pK7WGC2
(N-terminal CFP) were used for making fluorescence protein fusions. The KLCR1 gene with its
promoter sequence (about 2kb upstream of its start codon) were cloned into pMDC107 vector

for the expression of GFP tagged KLCR1 under its native promoter.

Live cell imaging and FRET-FLIM

Transient transformed N. benthamiana leaves were imaged two days after infiltration using
laser scanning confocal microscope (LSCM; Leica TCS SP5). Images were taken in multi-track
mode with line switching when multi-fluorescence was used. In order to reduce the likelihood
of observing spectral bleed-through artifacts, for the GFP/YFP combinations, GFP was excited
at 458 nm and the emission was detected at 470-510 nm, while YFP was excited at 514 nm
and the emission was detected at 550-580 nm. For CFP/YFP/RFP combinations, CFP was
excited at 405 nm and detected at 450-490 nm, YFP was excited at 488 nm and detected at
510-550 nm and RFP was excited at 543 nm and detected at 590-650 nm. For CFP/GFP/RFP
combinations, CFP was excited at 405 nm and detected at 450-490 nm, GFP was excited at 488
nm and detected at 510-550 nm and RFP was excited at 543 nm and detected at 590-650 nm
[41].

Forster resonance energy transfer-fluorescence lifetime imaging microscopy (FRET-FLIM)
experiments were performed using the Leica SP5 LSCM installed with a PicoQuant FLIM LSM
upgrade kit. The data acquisition and analysis were performed using the PicoQuantSymPho
Time 32 software. The lifetime of the GFP donor construct co-expressed with cytosolic RFP
was measured as the negative control. All measurements were taken from whole-field images
of cells expressing fluorophore fusion proteins at similar level, and at least 6 measurements

were taken for each analysis.

Immunofluorescence

To performed the immunofluorescence study, root tips or cotyledons of 6 days old Arabidopsis
were fixed in microtubule stabilizing buffer (MSB:50 mM PIPES pH 6.8, 5 mM EGTA pH 6.8,
5mM MgSQ,) containing 300 uM MBS, 0.01% Triton X-100, 4% paraformaldehyde (PFA) and
0.01% glutaraldehyde for 3 h at room temperature. After the fixation step, the samples were
washed 3 times with MSB buffer containing 0.05% Triton X-100, 5 min for each wash. For root

tips, the samples were then digested in 2% Driselase for 7 min and for cotyledons, samples



were freeze shattered as described by Zhang et al. (2013) [42] After that, the digested or
shattered tissues were transferred into the freshly prepared permeabilization buffer (1xPBS
buffer pH7.4 with 0.1% Triton X-100) and kept in it for 1h. Samples were then incubated in 2%
BSA for 1h to prevent unspecific binding of antibodies. After that, samples were incubated in
primary and secondary antibody for 3h or overnight at 4°C. For double staining with KLCR1-
GFP or GFP-IQD2 expressing cells, antibodies were diluted at 1:100 for NET3C which was
described in our previous study [1] and 1:200 for GFP, followed by secondary antibody
incubation with TRITC-conjugated against rabbit (Jackson ImmunoResearch) and FITC-
conjugate against mouse (Jackson ImmunoResearch). After washing with 1 xPBS buffer for 3

times, samples were mounted with Vectashield mounting media before imaging.

Transient transformation of Arabidopsis seedlings

Arabidopsis transient transformation was performed as described by Marion et al. (2006) [43].
Overnight culture of A. tumefaciens cells were collected and resuspended at the appropriate
concentration (ODggo=2) in 4 ml of 5% sucrose containing 200 UM acetosyringone. To perform
the infiltration, 4 days old Arabidopsis seedlings were soaked in the Argrobacterium solution,
followed by applying vacuum (10 mmHg) twice for 1min. The seedlings were then transferred

to a 1/2 MS agar plate and the plate was kept in a growth room for 4 days before imaging.

Yeast-two-hybrid and split ubiquitin assays

To perform an Y2H screen, the full length NET3C cDNA was cloned into pGBKT7 plasmid
(Clontech, Palo Alto, CA, USA) using gateway (Invitrogen), to facilitate its expression as bait
protein constructs. The Arabidopsis cDNA library (cloned into pGADT7 plasmid) used here is
generated in a previous study. Yeast strains (AH109) transformed with the cDNA library were
mixed with Y187 yeast strains that transformed with the bait construct. The mixed culture was
poured onto solid YPDA (yeast peptone dextrose adenine) plates and incubated overnight at
30 °C. The mated cells were washed off the plates in 1/2YPDA liquid medium and selected on
standard defined (SD) media lacking tryptophan, leucine, histidine and adenine plus 2.5 mM
of 3-Amino-1.2.4-triazole (3-AT). Colonies that started to grow after 4-5 days of incubation
were streaked onto identical SD media and grow for another 5 days at 30 °C. The colonies that
could survive on the second selection media were used to inoculate liquid cultures. The
plasmids were purified and sequenced using T7 promoter primer listed in Supplemental Table

S1.

For direct one on one Y2H test, the coding sequences of NET3A, NET3B, NET3C and IQD2 were



amplified by PCR and cloned into the bait pDEST32 vector to create plasmids encoding NET3
and 1QD2 protein fusions with the Gal4 DNA binding domain. Plasmids encoding fusions of
Arabidopsis KLCRs with the Gal4 activation were constructed by PCR and insert mobilization
into the prey pDEST22 vector. All plasmid constructs were verified by DNA sequencing. The
bait and prey vectors to be tested for interaction of the fusion proteins were co-transformed
into Saccharomyces cerevisiae strain PJ69-4a using the standard LiOAc method [44]. 10 pL of
the yeast were spotted on plates with vector selective media DDO (double drop out media:
SD/-Leucin/-Trpytophan) and were grown for 3 days at 29 °C. Two independent colonies of
each transformation were inoculated in 1x TE buffer and incubated at 29 °C over night. On the
next day ODeoo was adjusted to 0.5 -1. 10, 10 pL of the colonies were spotted on DDO,
interaction selective media (triple drop out media: SD/-Leucin/-Tryptophan/-Histidin) and
interaction selective media with a strong stringency (quadrupole drop out media: SD/-Leucin/-
Tryptophan/-Histidin/- Adenin). Pictures were taken 3 days after spotting. SD plates were
prepared with 1.6 % (w/v) Bactoagar (AppliChem) and the SD media was obtained from

TakaraBio.

For split ubiquitin assay, yeast strain THY.AP4 (: MATa; ade2-, his3-, leu2-, trpl-, ura3-;
lexA::ADE2, lexA::HIS3, lexA::lacZ) was co-transformed with desired plasmid DNA using
LiOAc/PEG method. 50 ml yeast culture with OD600 = 0.6 - 0.8 were harvested by
centrifugation (5 min at 3500 rpm at RT) and the obtained pellet was washed with 20 ml sterile
ddH20. Subsequently yeast was washed with 2 ml 1x LiOAc and was centrifuged again. Pellet
was resuspended in suitable amount 1x LiOAc (20 pl 1x LiOAc per transformation). Yeast cells
were incubated for 30 min at RT. For one transformation 500 ng Plasmid DNA (per construct),
20 pl ssDNA (10 mg/ml), 70 pl PEG3350 (50 % (v/w), and 10 ul 10x LiOAc were mixed in a PCR
tube and incubated for 30 min at 30 °C followed by heat shock at 42 °C for 15 min. Samples
were centrifuged and supernatant was discarded. Pellet was dissolved in 60 pl ddH20 and

plated onto CSM —Leu/-Trp. Yeast colonies were obtained after 2-3 days at 30 °C.

For the detection of interaction, a minimum of two independent pools (5-8 single colonies)
were grown in 2 ml CSM —Leu/-Trp over night at 30 °C and 120 rpm. The following day OD600
was measured and all cultures were adjusted to OD600 = 1. Also 1:10 and a 1:100 dilutions
were prepared. 5 ul per undiluted and diluted culture were spotted on selective media CSM —
Leu/-Trp/-Ade/-His/-Ura containing different Methionine concentrations (see figure legends),

and on CSM —Leu/-Trp as growth control. Growth was recorded daily.

ER morphology analysis



The structure of the ER was analyzed as described in [45]. In brief, after initial up-sampling of
the images collected using confocal microscopy, the ER is segmented from the background by
applying Otsu’s method of automatic thresholding [46]. Any polygonal regions fully enclosed
within the segmented ER are filled to produce a single mask of the segmented ER network
visible in each image. Only features within this region are considered for further analysis.
Cisternae are segmented from the ER network using an opening function followed by active
contouring onto the underlying image intensity. If any cisternae are identified as having an
area below 0.3 pum?, they are discounted from further cisternae analysis as they considered to
be punctae as described by Sparkes et al. (2009) [47]. The tubular network is subsequently
enhanced using phase congruency methods [48], to limit potential breaks forming in the
network caused by variable intensity along the length of ER tubules. This enhanced network is
reduced to a single pixel wide skeleton running along the ridge of tubules. Polygonal regions

are segmented from the negative of the combined tubule skeleton and identified cisternae.

Reverse genetics and plant developmental studies

The KLCR1 and IQD2 insertion lines, SAIL_335 B08 and GK_608F07-021865, were ordered
form the Nottingham Arabidopsis Stock Center (NASC). Homozygosity was confirmed by PCR
using gene specific primers, and a T-DNA specific primer. RT-PCR was performed to assess the
full-length transcripts in kicrl and igd2. The housekeeping gene that is expressed at specific
level, Actin, was used as a control to ensure the amount of the cDNA template used for each

reaction was identical. All primers used in this study are listed in Supplemental Table S1.

For root growth assay, klcr1, igd2 and Col-0 plants were grown vertically on 1/2 MS agar plates
in a growth chamber for 7 days. The root slanting angles were measured using Image)J software.
For pavement cell morphology analysis of Col-0, klcrl and iqd2, seedlings were grown
vertically on ATS [38] agar (0.5% w/Vv) plates in a growth chamber. The parameters of pavement
cells were determined from 5 day after germination stained with 40 uM propidium iodide for
10 minutes in the dark. About 140 cells from 12 seedlings were taken from the adaxial site of
the cotyledon (12 cells per seedling). For pavement cell morphology analysis of net3a/NET3C
RNAI, 4-day-old seedlings were stained with 5 uM (N-(3-Triethylammoniumpropyl)-4-(6-(4-
(Diethylamino) Phenyl) Hexatrienyl) Pyridinium Dibromide) (FM4-64 dye) for 30 minutes in the
dark. 200 to 500 cells from 6 to 8 seedlings were used for analysis. Pictures were taken with
Zeiss LSM700.Parameters of pavement cell area, perimeter, circularity, average lobe length and

max core width were measured with the PaCeQuant program as described in [49].



To investigate the structure of cytoskeleton in klcrl mutants, fluorescence protein tagged actin
marker, Lifeact-GFP or microtubule marker MAP4-GFP were previously introduced by crossing
into the klcrl genetic background. The GFP-tagged cytoskeleton was visualized using CLSM.
About 7-10 wild type or mutant seedlings were selected for analyzing. For each seedling, 5-10
regions were evaluated. Skewness of fluorescence intensity distribution (correlated with
microfilament bundling because bundles exhibit brighter fluorescence) was determined using
the Imagel 64 plugins and macros from Higaki’s laboratory [50]. The anisotrophy score was
used to quantify the microtubule structure and the measurement was performed using the

Imagel 64 plug-in, Fibriltool [51].

QUANTIFICATION AND STATISTICAL ANALYSIS

Data were generally presented as means + SEM (standard error of the mean). For box plots,
data were presented as median (center line); upper and lower quartiles (box limits);
interquartile range (whiskers); outliers (points). For violin plots, the elements correspond to
circles and crosses represent medians and means; vertical thick black lines represent SD
(standard deviation); thin black lines represent the 95% confidence interval; The width of each
violin represent local distribution of feature values along the y axes. For bar charts, box plots
and violin plots were graphed using Graphpad Prism, MATLAB and BoxPlotR
(http://shiny.chemgrid.org/boxplotr/) respectively. The biological replicates were indicated in

each figure legend. Specific descriptions of statistical tests are provided in the figure legends.
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