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Abstract

Pectin and its modification influence the plasticity and strength of the plant cell wall control-
ling cell adhesion, size, shape, and pathogen resistance. The Golgi membrane anchored
QUA1, QUA2, and GAUT9 Golgi enzymes synthesize and esterify pectin, which is then
secreted and selectively de-esterified to potentiate structure influencing crosslinks in the cell
wall. Mutations in members of the family of non-enzymatic ELMO Golgi membrane proteins
lead to a reduction of pectin levels, cell adhesion, and hypocotyl tensile strength. Results
from immunoprecipitation of Golgi protein complexes reveal that ELMO1-GFP is associated
with pectin biosynthesis and modifying enzymes QUA1, QUA2, and GAUT?. In a yeast two
and three hybrid assay, ELMO1 can bind directly to QUA1, GAUT9 or ELMO4, but QUAT,
QUA2 or GAUT9 do not bind to each other. A yeast 3 hybrid assay provides evidence that
ELMO1 can mediate the binding of QUA1 and QUA2. Taken together, these results indicate
that the 20 kDa ELMO1 serves to facilitate some aspect of pectin synthesis and modification
that leads to sufficient accumulation to allow cell adhesion, and we speculate that ELMOs
help to scaffold key enzymes in this process.

Introduction

The extra cellular matrix or cell wall of plants is composed of a complex interconnected array
of pectin, cellulose, hemicellulose, and protein that influence the structure and flexibility of the
wall, and defense against pathogens [1-4]. Pectins are comprised of a family of galacturonic
acid polymers that differ in their repeating units and modifications, and are synthesized in the
Golgi by a large family of Galacturonosyltransferase (GAUTs) and modifying enzymes includ-
ing the QUASIMODO (QUA, methyltransferases) family [5]. Pectins are secreted and then
selectively de-esterified to produce a highly regulated crosslinking that changes the properties
of the wall through development and environmental challenges [6-9]. GAUT1 and GAUT7
are thought to form a complex [10] to potentiate activity [11] in the Golgi, but while numerous
other enzymes are assumed to sequentially assemble pectin, it has not been clear how their
activities are coordinated, and it is possible that scaffold proteins are involved. Scaffolds work
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to anchor proteins in a complex so that they can be properly linked to coordinate their activi-
ties, and are involved in executing signal transduction and enzymatic pathways in efficient and
specific processes [12]. In the yeast S. cerevisiae, the scaffold protein Ste5 forms a multimolecu-
lar complex organizing a MAPK cascade [13,14]. c-Jun NH2-terminal kinase (JNK) associated
protein and protein Kinase Suppressor of Ras 1 (KRS1) act as MAPK cascade scaffolds in
mammalian cells [15,16] and Receptor for Activated C Kinase 1 (RACK1) is a scaffold attached
to the plasma membrane and facilitates a kinase cascade involved in plant immunity [16].
Metabolons, or clusters of ordered enzymes are thought to increase efficiency and substrate
specificity in a number of metabolic pathways and these too are organized by scaffold proteins
[17]. Scaffold proteins may be involved in the synthesis of numerous secondary compounds in
plants and enzymatic complexes synthesizing flavonoids in Arabidopsis suggest the potential
for scaffolds to act as organizers to effect function [17,18]. Arabidopsis membrane steroid-
binding proteins (MSBPs) may act as a scaffold that associate themselves as heteromers on the
ER membrane and organize all three P450 enzymes, C4H, C3H, and F5H into a cluster that
synthesize lignin, an important component of cell walls [19]. We report here on a Golgi pro-
tein ELMOL1 that binds to multiple Golgi proteins that synthesize and modify Homogalacturo-
nan and hence has the potential to serve as a scaffold for these enzymes. Loss of function of
ELMOs leads to less pectin accumulation, and reduced cell adhesion.

Materials and methods

Mutant Strains are all in an Arabidopsis thaliana col. background, and are described in [20].
elmol (At2g32580) has a point mutation in the 3’ splice junction of intron 2 and was isolated
through a screen for adhesion mutants [20]. el#02,3,4 and 5 have T-DNA insertions in their
transcribed regions as described [20] and were obtained from the Arabidopsis Stock Center.
The following lists the gene name, gene number and T-DNA line; ELMO2, At1g05070,
Salk205719C; ELMO3, At4g04360, Salk20486C; ELMO4, At4g30996, Salk 1398222; ELMOS5,
At2g24290, Salk 084405.

Determination of pectin methylation and acetylation

Pectin levels were determined by extracting from Biological triplicates of 5 day old dark grown
hypocotyls an Alcohol Insoluble Fraction (AIR) and determining total uronic acid content as
described [20]. Briefly, dark grown seedlings were immersed in 96% ethanol and incubated at
80°C for 15 min, homogenized using a ball homogenizer for 20 min, centrifuged for 15 min at
20,000xg, and the supernatant was removed and the pellet was re-suspended in acetone and
centrifuged for 15 min at 20,000xg. The supernatant was then removed and the pellet was re-
suspended in methanol:chloroform (2v:3v) and shaken overnight. Samples were then centri-
fuged for 15 min at 20,000xg and the supernatant was removed. The pellet was then re-sus-
pended sequentially in 100%, 65%, 80%, and 100% ethanol. After each re-suspension samples
were centrifuged at 20,000xg for 15 min and the supernatant was removed and the pellet of
AIR (Alcohol Insoluble Residue) dried under vacuum. This AIR was saponified overnight in
200ul of 0.05 M NaOH and the samples were centrifuged at 4°C, 10,000g, 10 min. The pellet
was then washed twice with 70% ethanol (to remove residual NaOH) and twice with acetone
at room temperature. The residual pellet was air dried under vacuum and extracted with
Ammonium Oxalate as described [20]. Ammonium oxalate extracted uronic acid content was
determined according to [20].

For esterification and acetylation measurements, 500 ul of 50 mM NaOH in H,O was
added to 5 mg of AIR and allowed to incubate overnight at 4° C. The samples were centrifuged
for 15 minutes at 14,000 rpm, and 400 pl of supernatant was removed for analysis. 100 pl of
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D,0 and 100 pl of internal standard [1 mg/ml Trimethylsilypropanoic acid, TPS, in H,O) was
added to each sample. The resulting 600 ul samples were added to Norell NMR tubes. All 'H
NMR spectra were obtained using a Bruker AVANCE 400 MHz spectrometer with a spectral
width of 8278.15 Hz and 32K points to give an acquisition time of 1.98 seconds. 64 scans were
completed. Each spectra was accompanied with WATERGATE solvent suppression with a T;
delay of 4 seconds to ensure full proton relaxation [21]. The collected FID was Fourier trans-
formed and processed with Bruker TopSpin 1.3 software with 0.30 Hz line broadening. Each
spectra was phased and baseline corrected with a 5 degree polynomial. The TSP peak was set
to 0 ppm, and methanol and acetic acid peaks were determined to be at 1.922 ppm and

3.365 ppm consistent with previous literature [22]. The peak area was determined using man-
ual integration, with the TSP peak assigned an area of 1.0 for each spectra. The area of a peak is
dependent on both the amount of analyte in solution, as well as the number of hydrogens con-
tributing to each particular peak. The following formula was used to obtain the mass of both
methanol and acetic acid released from AIR. A, x (EW, / mg,) = Arsp X (EWrsp / mgrsp). Ay
is the peak area of the analyte of interest. Argp is the peak area of the internal standard, and
was always equal to 1.0. EW, is the equivalent weight of the analyte while EWrgp is the equiva-
lent weight of TSP. Equivalent weight is defined as the molecular weight divided by the num-
ber of hydrogens contributing to the peak [22,23].

Propidium iodide and Ruthenium Red staining were as described [20]. Five-day old dark
grown seedlings were stained with 10 pg/ml propidium iodide for 15 min, and then removed
to 5 ml of dH,0. Hypocotyls were imaged under a Leica SP8 confocal microscope using a 10x
objective, and 514 nm excitation and 617 nm emission spectra. Leica SP8 software generated a
Z stack. Five-day old dark grown were also stained with Ruthenium Red dye (Sigma Corp., 0.5
mg/ml in dH,0) for 2 min. in a 10 ml microtiter growth plate, washed twice with 5 mls of
dH,0, and observed under a dissecting microscope.

Tensiometer measurements

A motorized Siskiyou translation stage (DR1000 single-axis digital readout, a 7600-X transla-
tion stage and a MC1000e-1 controller) which gives the capability of a 20 mm movement with
+/-2 micrometer positioning reliability and +/-5 micrometer backlash. Force was measured
with a Kyowa Ultra Small-capacity Load Cell LTS-50GA with a range of +/-50 g and a repeat-
ability of +/- 0.25 g, and a rate of 0.16 mm/sec. Each end of a hypocotyl was superglued to an
acetate sheet clamped to each force transducer. The signals from the force transducers were
recorded with Spike2 version 7.03 software. At least 10 biological replicates were measured for
each genotype.

Immunoprecipitation

Arabidopsis seeds were incubated for 2 day 4°C, then 4 hr light at 21°C, and then for 5 days
dark at 21°C in liquid MS 1% sucrose. The hypocotyls were frozen in liquid nitrogen and then
ground in a mortar and pestle. The powder was incubated with agitation at 4°C for 10 min in
50 mM Hepes pH 7.5, 1 mM EDT, 2 mM EGTA, 1 tablet of Roche Inhibitor cocktail (per 10
ml). The solution was centrifuged at 10,000 xg for 10 min, and the supernatant centrifuged at
100,000 xg for 60 min at 4°C. The pellet (microsomes) was resuspended in 10 mM Tris-HCl
pH 7.5, 150 mM NaCl, 1 mM EDTA, 0.5% NP40 and incubated with Magnetic agarose cou-
pled Llama anti-GFP antibody (BullDog Bio Corp.) for 1 hr. at 4°C. The beads were washed 6
times in the microsome resuspension buffer and the pellet was subjected to LC-MS/MS.

SWATH quantitative LC-MS/MS was as described [24] and Arabidopsis proteins identified
by searching the TAIR10 data base.
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Yeast 2 and 3 hybrid assay

ELMO1, ELMO4, QUA1, QUA2 and GAUT9 were PCR amplified and ligated to either
pLEXA (XholI site) or pACT (EcoRI site) by Gibson assembly [25]. S.cerevisiae L40 (MATa
his3A200 trp1-901 leu2-3112 ade2 LYS::(4lexAop-HIS3) URA3::(8lexAop-LacZ)GAL4) was
transformed [26] sequentially with the appropriate combination of plasmids and grown in
selective media and 2% glucose until log phase. Cells were counted with a hemocytometer,
washed 3x in PBS (0.14 M NaCl, 0.2 mM KCI, 10 mM Na,HPO,, 1.8 mM KH,PO,, pH 7.4)
and diluted to the same concentration (2.5 x 10® cells/ml) in PBS, and then 10 ul of 5 serial 10
fold dilutions were plated on the indicated media. For the yeast 3 hybrid assay, ELMO1 was
cloned by Gibson assembly using the following primers first into the HindIII/Xbal site of
PYES NTA, and then the GAL1 promoter and ELMO1 were PCR amplified and ligated to the
AATII site of pACT already harboring the indicated fusion protein, using Gibson assembly.
Cells were grown overnight in selective media and 2% galactose, serially diluted as above, and
then plated on the indicated media. 10 mM 3AT was included as indicated.

Protein localization

A Gaut9-GFP fusion was created by cloning the GAUT9 coding region using Gibson assembly
into pCambia 1302. GOT1-RFP [27] was obtained from the Arabidopsis stock center. Both
plasmids were co-transformed into protoplasts isolated from 2 week old soil grown Arabidop-
sis leaves, as described [28]. 10 ml enzyme solution (0.4M Manitol, 20 mM KCL, 20 mM MES
pH 5.7) containing 100 mg of cellulase and 20 mg of macerozyme were heated at 55°C for 10
minutes, 30 ul of 3M CaCl, and 10 mg BSA (fraction V Sigma Chem Corp.) were then added,
and the solution was filter sterilized. Ten, two-week-old leaves were placed in enzyme solution
and cut into fine strips and then placed into a 10 ml well plate with 5 ml of sterilized enzyme
solution containing the cellulase and macerozyme. The sample was placed on an orbital shaker
at 40 rpm, and a vacuum was applied to the leaves and solution for 5 minutes. The vacuum
was then released, and the well plate was left on the orbital shaker for 1.5 hours. Finally, the
shaker was increased to 80 rpm for 1 minute. A blunted 1 ml pipette tip was used to gently
remove the leaf solution and pipette it through a 200 um nylon mesh into a 50 ml conical tube.
The tube was centrifuged at 100xg for 2 minutes, followed by careful supernatant removal and
cell resuspension with 5 ml cold W5 (150 mM NaCl, 120 mM CaCl,, 5 mM KCI, 2 mM MES
pH 5.7). Protoplasts were centrifuged again at 100xg for 2 minutes, the supernatant was
removed gently, and the cells were resuspended carefully in 5 mls cold W5. The protoplast
solution was left on ice for 30 minutes and centrifuged at 100xg for 2 minutes, the supernatant
was removed, and the protoplasts were resuspended in 500 ul MMG (0.4M Mannitol, 15 mM
MgCl,, 4 mM MES pH 5.7). To a 1.5 ml tube containing 10 ug of each DNA in 10 ul water,

100 pl of protoplasts and 110 pl of PEG solution (40% PEG4000, 200 mM Mannitol, 10 mM
CaCl,) were added and gently mixed, followed by a 30-minute incubation at room tempera-
ture. Samples were then diluted with 440 pl room temperature W5 and carefully mixed, centri-
fuged at 100xg for 3 minutes, the supernatant was carefully removed, and the protoplasts were
resuspended in 1 ml W5, and incubated at 25 C*under room light overnight to produce new
GFP and RFP tagged proteins prior to confocal imaging.

Confocal microscopy

Protoplasts visualized on a Leica SP8 confocal microscope using a 40x objective and processed
using the Leica SP8 software. GFP was visualized with 488 nm excitation and 515 nm emission,
and RFP with 550 nm excitation and 700 nm emission using sequential scanning. At least 6
biological replicates were measured for each genotype. The JACoP plugin of Image J [29] was
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used to determine colocalization between the GFP and RFP channels. The same threshold
value was chosen for both channels and the Manders overlap coefficient M1 was recorded.
The M1 value indicates the fraction of GFP overlap with RFP [30], and was calculated for a
minimum of six replicates for each cell type. GraphPad Prism was used to average the repli-
cates of each cell type, and a one-way ANOVA followed by a Dunnett’s Test was performed in
GraphPad Prism to compare all cell types to WT.

RNA extraction and RNA Seq

RNA was extracted from elmol™", elmo2”, elmo3™", elmo4”", elmo5”, elmol”"2"", elmol”" 37,
elmol”5 ™, and elmo4”"5 "~ mutants (biological triplicates) using the RNeasy Plant Mini Kit
according to provided instructions (Qiagen Corp). RNA seq was performed by Novagene
Corp.

Results and discussion

elmo mutants have reduced levels of pectin

Loss of function qual, qua2, and elmol alleles in Arabidopsis lead to reduced cell adhesion in
the hypocotyl, and both qual " and qua2 ”" have a reduced level of pectin [20,31-33]. elmol
appeared to only have reduced mannose in a whole cell wall analysis, however growth condi-
tions varying between labs can affect pectin measurements [33,34] and the pectin content was
reevaluated for qua2 " and elmol . Pectin was indeed reduced in both qua2 " and elmol "
hypocotyls since the total uronic acid levels per gram of cell wall (Alcohol Insoluble Residue,
AIR) was reduced relative to WT (Fig 1A). Reduced pectin was seen only in mutants that
showed a visible adhesion phenotype [20], including elmol”", elmo2”", elmo4” and the double
mutant elmol™ elmo 2”7 (Fig 1A). Further analysis also indicated that elmol”" elmo 27 but not
elmol 7 or elmo4 " have reduced levels of methyl esterification but WT levels of acetylation
per ug of AIR (Fig 1B). Esterification can also have effects on crosslinking and hence cell wall
properties and cell adhesion [9,35,36], but it is unclear if the assay is sufficiently sensitive to
identify a change in single mutants, or if a more severe allele or a double mutant is needed.
Nevertheless, reduced levels of pectin in elmo mutants correlate with a loss of cell adhesion.

Double elmo mutants affect cell adhesion

Given the high level of conservation within the ELMO family, that some single mutants lack
phenotype, and that elmol” elmo 27 is more severe than elmol”", additional double mutants
were generated to determine which pairs might provide redundancy. Ruthenium Red pene-
trates mutant but not WT hypocotyls to bind to pectin and is used as an indicator of a loss of
cell adhesion [20,37,38]. S1 Fig in S1 File shows Ruthenium Red stained dark grown hypocot-
yls imaged under a dissecting microscope, and Fig 2 shows confocal images of propidium
iodide stained dark grown hypocotyls of pairwise elmo mutants. The single mutants elmol”
and elmo4”” have noticeable cell adhesion defects exhibiting curling and detached cells, while
elmo2”", elmo3”" and elmo5” have no phenotype [20]. The double mutants elmol” elmo 27,
elmol™ elmo 37", elmol”” elmo 57", and elmo4”" elmo 57~ have more pronounced effects than
either of the single mutants. Combined with the varying tissue specific expression of the family
members [20], it appears there is functional redundancy within the family and each isoform
may provide similar functions. The adhesion phenotype is also accompanied by a reduction in
the hypocotyl length in mutants that exhibit a visible phenotype, and these measurements are
shown in S2 Fig in S1 File. Root length is only affected in the double mutants elmol”" elmo 27~
and elmo4”" elmo 57 (S2 Fig in S1 File). RNA seq was performed on hypocotyl RNA from
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Fig 1. A) Pectin was measured by extracting total uronic acid from an alcohol insoluble fraction (AIR) from the
indicated genotype (ANOVA F(3,8) = 8.722 p = 0.0067). B) The level of esterification or acetylation was determined by
the NaOH release of methanol or acetic acid from AIR of the indicated genotype (ANOVA F93,8) = 1.901 p = 0.2079).
Asterisks indicate a difference with WT, 3 biological replicates were measured per genotype. Bars indicate standard
deviation.

https://doi.org/10.1371/journal.pone.0293961.9001
elmol™, elmo4™ and elmol”" elmo 27" to determine if there were increases in gene expression
from ELMO family members to compensate for a reduction in one or two isoforms (S3 Fig in
S1 File). While the analysis confirmed a reduction in ELMO expression in the corresponding
mutant, no compensatory changes were detected, nor were there any changes in genes encod-
ing the major biosynthetic enzymes for pectin. All elmo mutants revealed numerous increases
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WT elmol” elmo2’” elmo3” elmo4”- elmo5™”

Fig 2. Double elmo mutants have stronger adhesion defects. Three dimensional reconstruction by confocal
microscopy of propidium iodide stained hypocotyls of the indicated genotype. Bar indicates 50 mm, images were taken
independently and combined.

https://doi.org/10.1371/journal.pone.0293961.9002
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or decreases in gene expression that did not provide a recognizable pattern using either visual
inspection or GO analysis (S3 Fig in S1 File).

Tensile strength of elmo hypocotyls

Given a reduced cell adhesion in elmo mutants it was predicted that the tensile strength of the
hypocotyl would be compromised in mutants with a visible phenotype. Hypocotyls of the indi-
cated phenotype (Fig 3) were stretched using a tensiometer, and the pulling force required to
break a hypocotyl was recorded as a percentage of wild type. Only the double mutants elmol™"
elmo 2" and elmo4 ™" elmo 57" showed a significant difference to wild type, indicating that loss
of adhesion leads to a compromised structure and tensile strength of hypocotyl cell walls. It is
likely that the assay was insufficiently sensitive to distinguish the strengths of single mutants
from wild type.

ELMOL1 is associated with multiple pectin related enzymes in the Golgi

ELMOL is predicted to be 20 kDa in molecular weight, with two helical domains and no
enzyme activity [20], and hence may well serve to bind to other proteins in the Golgi. To
explore how ELMOL1 is involved in the accumulation of pectin, we next determined what pro-
teins ELMOI1 associates with. An ELMO1-GFP was expressed and complemented an elmol 7~
mutant [20], and hypocotyl microsomal extracts from these transformed plants were used for
immunoprecipitation with anti-GFP antiserum, and the isolated proteins were sequenced
using SWATH quantitative LC-MS/MS [24] and identified in the Arabidopsis proteome.

1.5 -

—_—
o
2

Force (% of WT)
o
o

Fig 3. elmo mutations weaken hypocotyl strength. Hypocotyls were stretched with a Tensiometer, and the breaking
point was expressed as percentage of wild type (WT). Asterisks indicate a difference with WT. A minimum of 10
biological replicates per genotype were measured. (ANOVA, F(12,227) = 4.354 p<0.0001). Bars indicate standard
deviation.

https://doi.org/10.1371/journal.pone.0293961.g003
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Hypocotyls expressing only GFP were used for comparison, and S4 Fig in S1 File shows the
results. Peptides representing five proteins were immunoprecipitated far more in the
ELMO-GFP than the GFP samples (fold change shown after each protein) and with a p < 0.01;
ELMO4 (60 fold), ELMO1 (40 fold), QUA2 (15 fold), QUA1 (or GAUTS8 11 fold) and GAUT9
(7 fold). There were only two other proteins having a p< 0.01 and a greater than 2 fold enrich-
ment; histone deacetylase and HSP70. Histone deacetylase is a nuclear protein and is likely to
represent background non-specific binding, and the significance of ER hsp70 binding is not
known.

ELMOL is not a retention protein

The function of ELMO1 binding to QUA1L, QUA2 and GAUTY could be to affect or organize
enzyme activity and hence its absence leads to reduced levels of pectin and cell adhesion. Alter-
natively ELMO1 may be needed to retain these enzymes in the Golgi for them to provide suffi-
cient pectin content. To determine if ELMO1 serves as a retention protein, a GAUT9-GFP
fusion was expressed in an elmol™", elmo4™", elmol” elmo2”" or WT plant cell, and the location
of GAUT9-GFP was identified by confocal microscopy. Cells were also transformed with a
GOT1-RFP Golgi membrane marker [27], and a colocalization index (M1) [29] for the GOT1
and GAUTY was measured. The results in Fig 4 show that there was no difference in GAUT9
localization in elmol™", elmo4™", or elmol”" elmo—2"'" mutants, relative to WT, indicating that
GAUT?Y is retained in the Golgi in the absence or a reduction of ELMO proteins. Thus
ELMOL1 likely plays a role distinct from retention of the proteins to which it is bound.

ELMO1 binds QUA1, GAUT9 and ELMO4 in yeast 2 hybrid assay

The immunoprecipitation assay does not distinguish if ELMO1 is bound individually with
each of the pectin biosynthetic enzymes, or if ELMO1 is bound to one or a few proteins that
then form a larger complex containing QUA1, QUA2, GAUT9 and ELMO4. Bimolecular fluo-
rescence in plant cells could be used to ask what proteins ELMO is proximal to, but would not
exclude the possible involvement of other plant proteins in the binding. The yeast two hybrid
assay [39,40] was therefore used to test a direct interaction between ELMO1, ELMO4, QUA1,
QUA2 and GAUT9. Each protein was expressed in yeast as a fusion to either the lexA DNA
binding domain (pLexA), or the GAL4 activation domain (pACT) to effect the activation of
the HIS gene, and assayed on media lacking histidine (his do), or his do and 3-Aminotriazole
(3AT) to provide a more stringent assay. In each fusion, the amino-terminal membrane
anchor of the Golgi proteins was deleted to allow for effective nuclear localization. Cells were
grown to log phase in the presence of histidine, diluted to the same concentration, and then
serial dilutions were spotted on media either not requiring interaction (lacking ura leu trp), or
media also lacking histidine with or without 3AT (THULL). All ELMO4-plexA constructs acti-
vated without a pACT partner and were therefore not useful (S5 Fig in S1 File). The results
shown in Fig 5A and S5 Fig in S1 File indicate that ELMO1 can bind directly to QUA1,
GAUT9 or ELMO4, but QUA1, QUA2 or GAUTY do not bind to each other. However, a lack
of interaction in the yeast 2 hybrid assay cannot be taken as a true lack of interaction in planta.
To determine if ELMO1 might cause QUA1, QUA2 or GAUT?9 to bind to each other, a yeast 3
hybrid assay was developed where a GAL1 promoter driving ELMO1 was added to the pACT
plasmid also expressing either QUA1, QUA2 or GAUT9. The results (Fig 5B and S5 Fig in

S1 File) show that a QUAL, QUA2, ELMO1 combination can activate HIS expression, indicat-
ing that ELMO1 can cause QUAI and QUA2 to bind to each other, where in the absence of
ELMOL1 there is no QUA1 and QUA2 interaction. Other combinations of enzymes expressed
in yeast were not sufficient to activate HIS expression and provide no evidence of interaction.
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Fig 4. ELMOL1 is not a Golgi retention protein. A) ELMO1 associated GAUT9-GFP was expressed in the indicated
genotype with a Golgi marker GOT1-RFP and detected by confocal microscopy. B) A colocalization index (M1) was
measured from images in A, and no mutants were different from WT. A minimum of six replicates for each cell type
(ANOVA F(3,27) = 0.2558 p = 0.8565). Bars indicate standard deviation. Images were captured independently and
arranged.

https://doi.org/10.1371/journal.pone.0293961.9004
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Fig 5. Yeast 2 and 3 hybrid assays shows ELMOL1 interacts with QUA1, QUA2, GAUT9 and ELMO4. Cells were
grown to the same density and serial dilutions were spotted on media. A) Yeast 2 hybrid assay with the indicated
fusion proteins (left column) on either media selecting for plasmids (-Leu Trp, Ura) or media also requiring expression
of HIS (-THULL 3AT). B) Yeast 3 hybrid assay where ELMOL is expressed with the GALI promoter with the
combinations shown on the left columns.

https://doi.org/10.1371/journal.pone.0293961.9005

Taken together, the immunoprecipitation, yeast two and three hybrid results raise several
possible arrangements that ELMO1 might hold. It is possible that ELMO1 is bound to individ-
ual molecules of GAUT9 and ELMO4, and separately serves to bind QUA1 and QUA2
together. Alternatively, ELMO1 may sit at the interface of individual components of a complex
that contains GAUT9, QUA1, QUAZ2, and as such could serve as a scaffold. ELMO1 binds to
ELMOA4 of similar structure and sequence, and this might indicate that multiple ELMOL1 and 4
molecules may make up the interface of such a complex. Indeed since ELMO family members
are only 20 kDa, it might require multiple molecules to cause the binding of the far larger
QUAs and GAUTSs. However, the results at present can not distinguish these and perhaps
other more complex models of an ELMO protein arrangement. The stoichiometry and struc-
ture of any ELMO complexes awaits the analysis of crystals, and the ability of ELMO1 and
ELMOA4 to form a lattice to scaffold the enzymes is possible but remains to be determined.
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QUAL is a galacturonosyltransferase responsible for homogalacturonic acid pectin synthe-
sis [32], while QUA2 is a methyltransferase [33], and the results here indicate that the two
activities are linked. If ELMOs do provide a scaffold for a larger biosynthetic or modifying
complex, it follows that GAUTY, also a galacturonosyltransferase, is sequential to QUAI and 2,
but an order of action cannot be determined from the results reported here. While the com-
bined glycosyltransferase and methyltransferase families includes over 100 isoforms, it is strik-
ing that ELMO appears to only associate with QUA1, QUA2 and GAUT?9. This work raises the
possibility that there are additional binding proteins that might serve other members of the
GAUT and QUA families.

Since mutants in ELMO reduce the levels of pectin, esterification, and adhesion, it is pre-
dicted that the association of ELMO with GAUT9, QUAL, or QUA2 affects their activity.
However, while ELMO1 co-immunoprecipitates with ELMO4, QUA1, QUA2 and GAUT?9,
the existence of in-planta interactions requires further verification, and the nature and mecha-
nism by which this binding might occur remains to be determined.

Supporting information

S1 File. SI Fig 1. Ruthenium Red stained hypocotyls for the indicated genotype. Scale bar
indicates 1 mm. SI Fig 2. elmo mutants have reduced hypocotyl root lengths. 5 day dark grown
hypocotyls were imaged using a dissecting microscope and the hypocotyl and roots were mea-
sured. Asterisks indicates significant difference from WT (ANOVA hypocotyl; F (12,337) =
91.89 p<0.0001. root; F(12, 312) = 20.78 p<0.0001). 8 SI Fig 3 and Fig 4. Zip file containing
RNA seq and immunoprecipitation data files. SI Fig 3; Excel files of RNA seq of RNA from
elmol™”, elmo4”", elmol”” elmo4” and WT dark grown hypocotyls. SI Fig 4; Excel files of
ELMO1-GFP immunoprecipitated from dark grown hypocotyls, and proteins sequenced
using SWATH quantitative LC-MS/MS. SI Fig 5. Yeast two hybrid assay for the indicated
combinations of expressed proteins.
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