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Abstract

Angiosperms have evolved the phloem for the long-distance transport of metabolites. The complex process of phloem de-
velopment involves genes that only occur in vascular plant lineages. For example, in Arabidopsis thaliana, the BREVIS
RADIX (BRX) gene is required for continuous root protophloem differentiation, together with PROTEIN KINASE
ASSOCIATED WITH BRX (PAX). BRX and its BRX-LIKE (BRXL) homologs are composed of four highly conserved domains in-
cluding the signature tandem BRX domains that are separated by variable spacers. Nevertheless, BRX family proteins have
functionally diverged. For instance, BRXL2 can only partially replace BRX in the root protophloem. This divergence is
reflected in physiologically relevant differences in protein behavior, such as auxin-induced plasma membrane dissociation
of BRX, which is not observed for BRXL2. Here we dissected the differential functions of BRX family proteins using a set of
amino acid substitutions and domain swaps. Our data suggest that the plasma membrane-associated tandem BRX domains
are both necessary and sufficient to convey the biological outputs of BRX function and therefore constitute an important
regulatory entity. Moreover, PAX target phosphosites in the linker between the two BRX domains mediate the auxin-
induced plasma membrane dissociation. Engineering these sites into BRXL2 renders this modified protein auxin-responsive
and thereby increases its biological activity in the root protophloem context.

Introduction the shoot through the phloem. More generally, the phloem

Angiosperms have evolved a vascular system that allows for
the separation of the sites of water and nutrient acquisition
from the sites of photosynthesis (Lucas et al, 2013). Shoot
performance depends on water and inorganic nutrients de-
livered by the root system through the xylem, and in turn,
root system growth depends on carbohydrates delivered by

connects source organs with sink organs and is, therefore,
essential for sustained plant growth and development.
Compared to other vascular tissues, the phloem is unique in
its structure, function, and transport characteristics
(Knoblauch et al., 2016). The phloem found in angiosperms
consists of precisely aligned sieve elements, enucleated cells
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that form the phloem sap-conducting sieve tubes, and their
neighboring, supporting companion cells. Genes that are in-
volved in the formation of phloem are typically specific to
land plants. For example, BREVIS RADIX (BRX) and its
homologs constitute small gene families in angiosperms
(Briggs et al., 2006; Beuchat et al, 2010), but BRX homologs
can already be found in mosses or lycophytes (One
Thousand Plant Transcriptomes, 2019).

BRX was originally identified as the causative loss-of-
function locus for the short root phenotype in the
Arabidopsis thaliana stock center accession Umkirch-1
(Mouchel et al,, 2004). Research based on a null allele in the
Col-0 reference accession confirmed requirement of BRX for
primary root growth vigor (Rodrigues et al, 2009) and led
to the realization that the causative cellular defect in brx
mutants is their incapacity to form fully differentiated proto-
phloem sieve element (PPSE) strands in the root meristem
(Scacchi et al, 2010; Anne and Hardtke, 2017). Protophloem
is early, meristematic phloem that is essential for root
growth and maintenance (Furuta et al, 2014; Rodriguez-
Villalon et al, 2014; Anne and Hardtke, 2017). Matching the
location of the defect in brx mutants, the BRX protein is
specifically expressed in developing protophloem, albeit at
very low level (Bauby et al, 2007; Rodriguez-Villalon et al,,
2014; Marhava et al, 2018).

The protophloem differentiation defects in brx mutants
are not fully penetrant but rather occur in a nonrandom
pattern, which has recently been explained by competition
among neighboring sieve element precursors for auxin
(Moret et al., 2020). Auxin flux through developing PPSE cell
files controls the timing of their differentiation (Santuari
et al, 2011; Marhava et al, 2018), and BRX has been impli-
cated in regulating this polar auxin transport (Santuari et al,,
2011; Marhava et al, 2018; 2020). BRX is a conditional
plasma membrane-associated protein, which typically local-
izes to the rootward end of developing PPSEs. There it inter-
acts and co-localizes with PROTEIN KINASE ASSOCIATED
WITH BRX (PAX), a positive regulator of PIN-FORMED-
(PIN)-mediated auxin efflux (Barbosa et al, 2018; Marhava
et al, 2018). Because the plasma membrane association of
BRX is negatively regulated by auxin and because BRX can
interfere with PIN activation by PAX (Scacchi et al, 2009;
Marhava et al,, 2018), the three proteins are thought to con-
stitute @ molecular rheostat. In this model, inhibition of PAX
by BRX suppresses PIN efflux activity, which in turn leads to
increases in cytosolic auxin levels and thus the eventual dis-
sociation of BRX, followed by PAX and PIN activation
(Marhava et al, 2018). The ensuing dynamic equilibrium
fine-tunes auxin flux through the developing protophloem.

The A. thaliana genome encodes five highly related BRX
family proteins, which display four conserved domains that
are separated by spacer regions: the N-terminus with a puta-
tive palmitoylation site (Rowe et al, 2019), an adjacent do-
main with a conserved “KDMA” motif, and two so-called
“BRX domains” in tandem (Supplemental Figure S1A).
Besides the bona fide BRX family genes, the A. thaliana
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genome  contains  another partial BRX homolog
(AT2G21030), which encodes a nearly identical but incom-
plete first BRX domain, the linker, and part of the second
BRX domain, whereas the N-terminal parts of BRX are miss-
ing (Supplemental Figure S1B). Ectopic expression and
promoter-swapping experiments suggested that only the
closest BRX homolog, BRX-LIKET (BRXLT), can fully substitute
for BRX, whereas BRXL2-BRXL4 at best confer partial rescue
of brx mutants (Briggs et al, 2006; Beuchat et al, 2010). In
contrast to BRX, the plasma membrane association of
BRXL2 is not auxin-responsive, and its capacity to inhibit
PAX is reduced (Marhava et al, 2020). These differential fea-
tures may be responsible for the incapacity of BRXL2 to fully
substitute for BRX function, as other protein—protein inter-
action properties and polar, rootward plasma membrane as-
sociation are shared (Marhava et al, 2020). However, BRX
and BRXL2 are fully redundant in the context of stomata
development, where BRXL2 is the dominant family member
(Bringmann and Bergmann, 2017; Rowe et al, 2019). Here,
we embarked on a detailed comparative analysis of BRX
family protein domains to further our understanding of this
interesting class of land plant-specific proteins. Our data
suggest that the auxin response of BRX is conferred by the
linker region between the tandem BRX domains and by
PAX kinase target phosphosites. Engineering these sites into
BRXL2 renders the protein auxin-responsive and increases its
biological activity in the root protophloem.

Results

Expression level and auxin response determine
redundancy among BRX family proteins
The defect in A. thaliana brx root meristems manifests itself
in developing PPSE strands that are interrupted by PPSE pre-
cursors that do not properly differentiate, i.e. so-called gap
cells. Gap cell frequency in one or both PPSE strands is one
of the quantitative readouts of phenotypic severity in perti-
nent mutants (Breda et al, 2017). Typically, ~50%—-60% of
brx root meristems show gap cells in one PPSE strand,
whereas ~20%-30% show gap cells in both strands
(Supplemental Figure S2A). In available brx brxI1 brxI2 brxI3
quadruple mutants (Rowe et al, 2019), this defect tended to
be enhanced relative to brx single mutants (Supplemental
Figure S2A), and in extremis, PPSE differentiation was nearly
absent (Supplemental Figure S2B). The enhanced severity of
the quadruple mutant also manifested itself in eventually
even further reduced root growth compared to the brx sin-
gle mutant (Supplemental Figure S2C). In contrast, knockout
of the partial BRX homolog AT2G21030, whose promoter is
active in the mature root vasculature but not in developing
protophloem (Supplemental Figure S2D), did not result in
any detectable root development defects (Supplemental
Figure S1B). These results suggest limited yet tangible redun-
dancy between BRX and other BRX family genes in the root.
Previous work suggested that the closest BRX homolog,
BRXL1, is mainly expressed in the mature vasculature
(Scacchi et al, 2009; Cattaneo et al, 2019). However, some
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weak expression and rootward polar localization in the pro-
tophloem was observed when a BRXL1-CITRINE fusion pro-
tein was expressed in the genomic BRXL1 context
(Figure 1A). In contrast, BRXL2-CITRINE fusion protein
expressed in the genomic BRXL2 context was observed
throughout the root and also displayed rootward polarity
(Marhava et al,, 2020), which was accentuated in developing
protophloem (Figure 1B). Interestingly, BRXL2—-CITRINE ex-
pression was also observed in the stem cell niche and in the
columella-root cap. Although the BRX promoter confers ex-
pression in these tissues as well (Scacchi et al, 2009)
(Supplemental Figure S2E), BRX protein is barely detectable
there (Marhava et al,, 2018). The latter might reflect destabi-
lization of BRX by auxin (Supplemental Figure S2F), which
accumulates in and around the stem cell niche (Sabatini
et al,, 1999; Grieneisen et al., 2007).

When expressed in a brx background, increased BRXLT
dosage through BRXL1:gBRXL1-CITRINE transgene expression
conferred partial rescue of the brx mutant phenotype
(Figure1, C and D), and this rescue was quantitatively com-
parable to the partial rescue conferred by expression of the
BRXL2:gBRXL2-CITRINE transgene in brx (Figure 1, E and F).
However, brx rescue was nearly perfect when BRXL1-
CITRINE was expressed under the control of the BRX pro-
moter (Figure 1, G-I), but not when BRXL2-CITRINE was
expressed in the same context (see below) (Marhava et al,
2020). Moreover, similar to BRX-CITRINE (Figure 1)), the
plasma membrane association and stability of BRXL1-
CITRINE were auxin-responsive (Figure 1, K and L), in stark
contrast to BRXL2-CITRINE (Marhava et al, 2020)
(Figure 1M). In summary, these observations support the
notion that the auxin-responsiveness of BRX is critical for its
regulatory function in protophloem development and that
the closely related BRXL1, but not the divergent BRXL2,
shares this functionally important property. Furthermore,
the strong functional overlap between BRX and BRXL1 pro-
teins is only set aside by divergent expression levels, with
the BRX promoter conferring substantially higher expression
than the BRXL1 promoter.

Plasma membrane association is a robust feature of
BRX function

To better understand putative BRX functional domains, we
explored sequence features that could be related to BRX lo-
calization, stability, or turnover (Supplemental Figure S3).
First, we targeted the N-terminal amino acids, which confer
robust plasma membrane association in the case of BRX
(Scacchi et al, 2009) and contain a putative palmitoylation
site (Rowe et al, 2019). Interestingly, BRX and BRXL1 differ
at amino acid 2 (phenylalanine) from the other family mem-
bers (leucine). Because BRX might be targeted by the ubiqui-
tin—proteasome pathway (Scacchi et al, 2009), we replaced
the destabilizing N-end rule phenylalanine residue by methi-
onine (BRX™™). However, this BRX"*™ version did not dis-
play any substantially different stability compared to
wild-type BRX (Figure 2, A and B). Next, we added a
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myristoylation ~signal to the N-terminus (BRX"™'F)
(Bologna et al, 2004) and compared it to a control protein
with a similar sized added random sequence (BRXN'™T).
Again, no substantially different localization was observed
(Figure 2, C and D), except that the plasma membrane asso-
ciation of BRXV™® appeared somewhat “cleaner.”
Interestingly, the myristoylation signal neither interfered
with BRX polarity nor with its auxin response (Figure 2, E
and F). This matches the idea that auxin-induced BRX disso-
ciation from the plasma membrane could involve clathrin-
mediated endocytosis (Scacchi et al, 2009; Santuari et al,
2011). Finally, we revisited the potential nuclear localization
requirement of BRX (Scacchi et al,, 2009) by either mutating
its nuclear exclusion signal (BRX"® = ™), replacing it with a
nuclear localization signal (BRX"® = N*), or adding an artifi-
cial nuclear localization signal to the C-terminus (BRX“™N).
Whereas the BRXN® = ™ protein appeared somewhat sta-
bilized (Supplemental Figure S4A), the BRX"®™~N“ and
BRX“™ proteins appeared to be less abundant than wild-
type BRX (Supplemental Figure S4, B and C). Yet remarkably,
both BRX"E = N and BRX“™* were predominantly plasma
membrane associated and were barely visible in the nucleus,
suggesting that the presence of a nuclear localization signal
could not override its plasma membrane association.
Despite these slightly divergent behaviors of different BRX
variant proteins, all of them fully rescued the root growth
defect of brx (Supplemental Figure S4D), and no proto-
phloem gaps were observed in these lines. In summary,
none of our amino acid exchanges or additions had a major
impact on the plasma membrane association of BRX or the
capacity to rescue the signature defects of the brx mutant.

The tandem BRX domains comprise the essential
features of BRX activity

To delimit functionally relevant domains of BRX, we
expressed deletion constructs in the brx mutant back-
ground. To this end, the potentially palmitoylated BRX N-
terminus (Rowe et al, 2019) (amino acids 1-9) was com-
bined with different BRX subfragments that were designed
to encompass the different conserved domains
(Supplemental Figure S1A). These fragments were expressed
as CITRINE fusions under the control of the BRX promoter.
All five fragments tested showed plasma membrane associa-
tion and expression in PPSEs (Figure 3, A-E). Yet, the frag-
ments that contained no or only one BRX domain displayed
more variable plasma membrane localization and at times
expression outside of the PPSE strands (Figure 3, A-C). This
also matched expression pattern of a nuclear localized NLS-
VENUS fusion protein under the control of the full-length
BRX promoter or its rather extended 2,314bp 5'-UTR only
(Figure 3, F and Q). In contrast, the fragment that comprised
both BRX domains (BRX'®™>*) invariantly and precisely
mimicked the plasma membrane localization and expression
pattern of full-length BRX (Figure 3D). This highly PPSE-
specific expression was also consistent with the striking, ser-
endipitous observation that expression of the full-length
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Figure 1 Limited redundancy of BRX family genes in the root protophloem. The symbol legend shows schematic overviews of the BRX gene family
constructs used in this and subsequent figures. A, Confocal microscopy image of BRXL1-CITRINE fusion protein fluorescence expressed in the ge-
nomic BRXLT context in the brx mutant background (yellow fluorescence, left), and overlaid with Pl-stained cell wall outline (red fluorescence,
right). B and G, As in (A), for BRXL2 (B) or BRXL1 expressed under the control of the BRX promoter (G). C, E, and H, Root length of Col-0 wild-
type, brx mutant, and the indicated transgenic lines (three representative independent lines, n = 26-43 roots). Transgenic proteins were expressed
in fusion with C-terminal CITRINE tags. Box plots display second and third quartiles and the median, bars indicate maximum and minimum.
Statistical significance was determined by ordinary one-way ANOVA. dag, days after germination. D, F, and |, PPSE strand defects in the roots of
the indicated genotypes, expressed as the frequency of root meristems with nondifferentiating “gap cells” in both, one, or none of the developing
PPSE strands (n = 27-51 roots). Statistical significance was determined by Fisher’s exact test. ]-M, Quantification of the indicated CITRINE fusion
protein signal intensity at the rootward plasma membrane of developing PPSEs, 1 or 3 h after mock (DMSO) or auxin (10 uM 1-naphthalene-ace-
tic acid) treatment (n = 8-23 roots, average of 12—15 cells per root). Plot circles and squares display the mean, error bars indicate standard devia-
tion. Statistical significance was determined by ordinary one-way ANOVA. a.u., arbitrary units. Statistically significant different groups are
indicated by different lowercase letters.
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Figure 2 Robust plasma membrane association of BRX N-terminal variants. A-D, Confocal microscopy images of variant BRX-CITRINE fusion pro-
teins (see Supplemental Figure S3) expressed under the control of the BRX promoter in the brx mutant background (yellow fluorescence, left).
(Right) Overlay with PI cell wall staining (red fluorescence). E and F, Quantification of the indicated CITRINE fusion protein signal intensity at the
rootward plasma membrane of developing PPSEs, 1 or 3 h after mock or auxin treatment (n = 12-23 roots, average of 12-15 cells per root). Plot
circles and squares display the mean, error bars indicate standard deviation. Statistical significance was determined by ordinary one-way ANOVA.
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Figure 3 The BRX transcript sequence confers expression in the root protophloem. A-E, Confocal microscopy images of BRX protein fragments
fused with CITRINE tags (yellow fluorescence, left), expressed under the control of the BRX promoter in the brx mutant background. (Right)
Overlay with PI cell wall staining (red fluorescence). Superscripts indicate the amino acid fragments. Note that all fragments were preceded by
amino acids 1-9. F and G, Confocal microscopy images of NLS-VENUS fusion protein expressed in Col-0 under the control of the full-length BRX
promoter (F) or the 5'-UTR only (G). H and |, Confocal microscopy images of full-length BRX-CITRINE fusion protein expressed in brx under the
control of the CASP1 promoter, illustrating expression in the late endodermis (H) but also the protophloem (1).

BRX coding sequence under the control of ectopic pro- (Roppolo et al, 2011), fully rescued the brx root phenotype
moters, such as the late endodermis-specific CASPARIAN (Supplemental Figure S5, A and B) and conferred BRX—CITRINE
STRIP MEMBRANE DOMAIN PROTEINT (CASP1) promoter expression in PPSEs, outside the CASP1 domain (Figure 3, H
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Figure 4 The tandem BRX domains are necessary and sufficient for BRX function in the protophloem. A, Root length of Col-0, brx, and plants har-
boring the indicated transgenic BRX fragments (three representative independent lines, n = 20-45 roots). Superscripts indicate the amino acid
fragments. Note that all fragments were preceded by amino acids 1-9 and fused to C-terminal CITRINE tags. Box plots display second and third
quartiles and the median, bars indicate maximum and minimum. Statistical significance was determined by ordinary one-way ANOVA. B, PPSE
strand defects in roots of the indicated genotypes (n = 15-24), corresponding to (A). Statistical significance was determined by Fisher’s exact test.
C, Quantification of the indicated CITRINE fusion protein signal intensity at the rootward plasma membrane of developing PPSEs, 1 or 3 h after
mock or auxin treatment (n = 10-23 roots, average of 12-15 cells per root). Plot circles and squares display the mean, error bars indicate standard
deviation. Statistical significance was determined by ordinary one-way ANOVA. Statistically significant different groups are indicated by different

lowercase letters.

and I). Collectively, these observations suggest that the coding
region encompassing the BRX domains is a major determinant
for the PPSE-specific BRX expression pattern.

At the level of biological function, the BRX'*7>% fragment
was also the only one that nearly perfectly normalized both
the root growth and protophloem differentiation defects of

brx mutants (Figure 4, A and B). Moreover, it was also the
only fragment whose plasma membrane association dis-
played a statistically significant response to auxin treatment
(Figure 4C). In summary, our experiments suggest that, to-
gether with the short, conserved N-terminus, the fragment
comprising the tandem BRX domains is sufficient to convey
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the biological outputs of BRX function that are captured by
our assays.

The linker between the BRX domains functionally
differentiates BRX family proteins

Next, we sought to map the differential plasma membrane
association in response to auxin in BRX and BRXL2. To this
end, we created a number of hybrids between the two pro-
teins (Supplemental Figure S6). In each case, expression of
these BRX-BRXL2 hybrids as CITRINE fusion proteins under
the control of the BRX promoter in the brx background dis-
played the PPSE-specific pattern observed for wild-type BRX
(Figure 5, A-D). However, the hybrid proteins differed in
their capacity to normalize the protophloem and root
growth defects of brx (Figure 5, E-L). Essentially, the capacity
for complementation gradually increased as the portion of
BRX extended from the N-terminus, and only the hybrid
that combined the BRX N-terminal fragment including the
first BRX domain with the second, C-terminal BRX domain
of BRXL2 (BRXHYBZSOlZ“) was able to largely (although not
perfectly) rescue the hallmark brx phenotypes (Figure 5, H
and L). Matching these observations, the hybrids with a
larger portion of BRXL2 did not display a significant auxin
response (Figure 6, A—C), whereas the BRXHYB250/254 hybrid
was as auxin-responsive as wild-type BRX (Figure 6D). These
results suggest that the sequence determinants for the
auxin-responsive plasma membrane dissociation of BRX re-
side between amino acids 138 and 250, that is within, or
close to, the first of the two BRX domains.

Sequence alignment pointed toward a potential role for
the linker between the tandem BRX domains, because it is
clearly different between BRX and BRXL1 on the one side
and BRXL2-BRXL4 on the other (Supplemental Figure S1A;
Figure 7A). Interestingly, the portion of the BRX linker that
was present in BRXHYB2501254 encompassing amino acids
197-250, contained two R(D/E)S motifs that are also con-
served in BRXL1 but absent from other BRX family proteins
(Supplemental Figure STA). These motifs, as well as another
BRX/BRXL1-specific RES site before the first BRX domain
(Figure 7A), could constitute potential target sites for AGC
kinases such as D6 PROTEIN KINASE (D6PK) or PAX
(Huang et al., 2010; Zourelidou et al., 2014). Indeed, in repli-
cate in vitro kinase assays with recombinant GST-BRX fu-
sion protein and phosphosite-mutant variants including S
(serine) to A (alanine) substitutions of the pertinent serines
123, 217, and 228, the S228A mutation led to the strongest
reduction in BRX phosphorylation by D6PK as well as by
PAX compared to BRX wild-type protein phosphorylation
(Figure 7, B and Q). Finally, in phospho-proteomics replicates
of BRX-CITRINE fusion protein that was immuno-purified
from VISUAL assays (Kondo et al, 2016, Marhava et al,
2018), S228 was identified as a high confidence in vivo phos-
phosite (Figure 7A). In contrast, these data did not provide
evidence for phosphorylation on S123, and S217 was not
covered in these analyses. Although the intersection of our
various assays points to a key role for the S228 phosphosite,
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at this point, we cannot exclude the possibility that the
other phosphosites do not at least contribute to the re-
sponse. Nevertheless, together, these experiments suggest
that the linker between the tandem BRX domains, which
includes S228, has a crucial function in the differential activ-
ity of BRX and BRXL2 and that phosphosites targeted by
PAX or D6PK might have a role in this differentiation.

Engineered phosphosites are sufficient to impart an

auxin response to a BRX family protein

To assess the functional significance of these findings in
planta, we investigated a BRX variant in which the three ser-
ines in the potential D6PK/PAX R(D/E)S target sites (5123,
$217, and S228) were substituted by alanines (BRX*™<©)
(Supplemental Figure S7). Expression and localization of
BRXCPKC_CITRINE  fusion protein appeared normal
(Supplemental Figure S8A) and largely rescued the proto-
phloem and root growth phenotypes of brx (Figure 8A).
However, compared to the rescue obtained with wild-type
BRX (Figure 8B), the rescue was never perfect. Even in the
best-complemented lines, some level of PPSE defect per-
sisted, and root growth rescue was highly variable (Figure 8,
C and D). Most importantly, plasma membrane-associated
BRX*™° no longer displayed a significant auxin response
(Figure 8, E and F), but BRX>™© was still about as efficient
as wild-type BRX in inhibiting D6PK-stimulated auxin efflux
in Xenopus laevis oocyte assays (Supplemental Figure S8B).
Together, these data suggest that PAX- and D6PK-targeted
phosphosites contribute to the fine-tuning of BRX function
and modulate its auxin-responsiveness.

To independently verify this finding we investigated a
BRX homolog from a descendant of the most ancient vascu-
lar plant lineage, the lycophyte Selaginella moellendorffii. As
far as we could determine, the S. moellendorffii genome
(Banks et al,, 2011) contains a single BRX homolog (SmBRX).
The encoded protein already possesses all the highly con-
served domains found in A. thaliana BRX family proteins,
but the linker between the two BRX domains is by compari-
son very short and does not contain any putative D6PK or
PAX target phosphosites (Figure 9A). Expression of an
A. thaliana codon-optimized version of SmBRX as a CITRINE
fusion under the control of the BRX promoter in the brx
background recapitulated the A. thaliana BRX PPSE-specific
expression pattern and protein localization (Supplemental
Figure S8C). However, similar to BRX>™°, SmBRX did not
fully rescue the brx mutant phenotypes (Figure 9, B and C),
corroborating the importance of the linker and phosphosites
for BRX function. Finally, as would be predicted from our
previous observations, SmMBRX protein was also not signifi-
cantly auxin-responsive (Figure 9, D and E).

Because the lack of auxin-responsive plasma membrane
dissociation was pinpointed as one of the factors that differ-
entiate BRXL2 from BRX (Marhava et al, 2020), we modified
BRXL2 by adding three putative D6PK/PAX target phospho-
sites at the positions corresponding to $123, S217, and S228
in BRX (BRXL23PAPP) (Supplemental Figure S7). This
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Figure 5 Differential activity of BRX versus BRXL2 resides in the tandem BRX domains. A—D, Confocal microscopy images of BRX—BRXL2 hybrid
fusion proteins, tagged with CITRINE and expressed under the control of the BRX promoter in the brx mutant background (yellow fluorescence,
left). Right: overlay with PI cell wall staining (red fluorescence). Superscripts indicate the last amino acid in the BRX portion and the first amino
acid in the BRXL2 portion. E-H, Root length of Col-0, brx, and the indicated transgenic lines corresponding to (A-D) (four representative indepen-
dent lines, n = 10-48 roots). Box plots display second and third quartiles and the median, bars indicate maximum and minimum. Statistical signif-
icance was determined by ordinary one-way ANOVA. |-L, PPSE strand defects in the roots of the indicated genotypes, corresponding to (E-H)
(n = 15-38 roots). Statistical significance was determined by Fisher’s exact test. Statistically significant different groups are indicated by different

lowercase letters.

BRXL2*"*PP_CITRINE fusion protein displayed PPSE-specific
expression and polar, rootward plasma membrane associa-
tion when expressed under the control of the BRX promoter
in the brx background (Supplemental Figure S8D).

Moreover, this fusion protein partially rescued the proto-
phloem and root growth defects of brx (Figure 10, A and B),
and this rescue appeared to be substantially better than the
partial rescue observed with BRXL2 wild-type protein
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Figure 6 Mapping of the BRX auxin response using BRX—-BRXL2 hybrid fusion proteins. A—D, Quantification of the indicated BRX-BRXL2 hybrid
CITRINE fusion protein signal intensity at the rootward plasma membrane of developing PPSEs, 1 or 3 h after mock or auxin treatment (n = 10-
18 roots, average of 12-15 cells per root). Plot circles and squares display the mean, error bars indicate standard deviation. Statistical significance

was determined by ordinary one-way ANOVA.

(Marhava et al, 2020). Indeed, in direct comparisons, brx
rescue was consistently more efficient with BRXL23PAPP
than with BRXL2 wild-type protein (Figure 10, C and D).
Finally, and most strikingly, unlike BRXL2 wild-type protein
(Figure 10E), the plasma membrane association of
BRXL2*™PP was sensitive to auxin treatment (Figure 10, F
and G), at about the same magnitude as BRX (Figure 8SE).
These observations suggest that the addition of the three
putative D6PK/PAX phosphosites is sufficient to impart an
auxin response on BRXL2 and thereby increase its biological
activity in the context of protophloem development.

Discussion

Recent work established that during protophloem develop-
ment, BRX primarily acts as a switch element in conjunction
with PAX to fine-tune auxin flux through developing PPSE
strands (Marhava et al, 2018, 2020). In this study, we
mapped functionally important regions of BRX and found
that the plasma membrane-associated tandem BRX domains
and their linker are sufficient to convey BRX action in the
protophloem. This linker includes critical phosphosites that
mediate the BRX auxin response and can impart this re-
sponse on a modified BRXL2 protein. The modified, auxin-
responsive BRXL2 displays increased functionality in PPSE
development, where native, auxin-insensitive BRXL2 can
only partially replace BRX (Briggs et al., 2006; Beuchat et al,
2010; Marhava et al, 2020). Our data thus suggest that
among the A. thaliana BRX family proteins, BRX and its
close homolog BRXL1 are uniquely suited to transmit both a
PPSE-specific on-off signal through their regulated plasma
membrane association and directional information through
their asymmetric distribution. Only the latter part of this
dual role seems to be required in the stomata context,
where BRX can replace BRXL2 (Rowe et al, 2019). Our
results also reiterate that auxin-responsive plasma

membrane dissociation is one of the features that quantita-
tively determine BRX activity in the protophloem context.

Intragenic BRX sequences contribute to its root
protophloem-specific expression

An unexpected finding in our study was that the plasma
membrane-associated tandem BRX domains and their linker
are not only sufficient to convey BRX protein function in
the root protophloem, but apparently also confer its highly
PPSE-specific expression. Such contribution of intragenic
sequences to gene expression patterns has been reported re-
peatedly (Sieburth and Meyerowitz, 1997; Cattaneo et al,
2019) and reiterates the finding that reporters of promoter
activity do not always capture the exact expression domain.
Notably, in the case of BRX, the genuine expression pattern
has been verified by anti-BRX immunostaining (Marhava
et al, 2018). Thus, it appears that the BRX promoter and in-
tragenic sequences have co-evolved to synergistically confer
highly PPSE-specific expression in the root meristem. The
finding that BRXL1 can only fully substitute for BRX when
expressed under the control of the BRX promoter supports
this idea. Future comparative studies between BRX family
genes as well as codon-optimized BRX versions might be
able to pinpoint the key regulatory sequences and deter-
mine their relative contributions. In summary, our results
suggest that the tandem BRX domains constitute a module
that is intimately associated with protophloem differentia-
tion on several regulatory levels.

BRX acts primarily at the plasma membrane

Interestingly, it has been demonstrated that mutation of
cysteines 4 and 7 compromises the plasma membrane asso-
ciation of BRX and its function in stomata (Rowe et al,
2019). It was thus suggested that the BRX N-terminus could
be reversibly palmitoylated, and that the auxin-induced
plasma membrane dissociation of BRX might involve
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Figure 7 D6PK/PAX phosphosites in BRX. A, Amino acid sequence alignment of BRX and BRXL2, highlighting key features and phosphosites iden-
tified by proteomics in BRX. The R(D/E)S D6PK/PAX target site motifs present in BRX and BRXL1, but not in BRXL2-BRXL4, are highlighted. B and
C, Representative results of in vitro kinase assays with bacterially expressed GST fusions of BRX wild-type protein and point mutant variants with
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an arginine. The relative phosphorylation strength (as determined by density measurements) is specified below the autoradiograph. Please note
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degradation product.

de-palmitoylation. Yet, the addition of myristoylation signals
neither affected the intracellular polarity (Rowe et al., 2019)
nor auxin-response of BRX. Because myristoylation is an irre-
versible post-translational modification, BRX internalization
could reflect proteolytic removal of the N-terminus.
Alternatively, the turnover of plasma membrane-localized
BRX might involve clathrin-mediated endocytosis (Scacchi
et al, 2009; Santuari et al, 2011), for which the rootward
plasma membrane domain of PPSEs is a hotspot (Dettmer
et al, 2014; Marhava et al., 2020).

BRX is an auxin-responsive plasma membrane-localized
regulator of protophloem development. Our domain analy-
ses suggest that the plasma membrane-associated tandem
BRX domains (amino acids 1-9 plus 139-344) are sufficient
to convey the biological functions of BRX that are captured
in our phenotypic assays. Substantial but still partial rescue

of brx by the tandem BRX domains has been reported be-
fore (Scacchi et al, 2009). However, in those experiments,
the fragment was constitutively over-expressed under the
control of the 35S cauliflower mosaic virus promoter, and
the BRX N-terminal amino acids 1-9 added in this study
were missing. Because the (ectopically) over-expressed frag-
ment showed relatively little plasma membrane association
and, instead, was mostly found in the nucleus, this was
taken as evidence that BRX has a function in the nucleus.
This notion was supported by the observation that BRX
could interact with transcription factors (Scacchi et al., 2009;
2010), accumulated in the nucleus when transiently
expressed in onion (Allium cepa) epidermal cells, and stimu-
lated transcription in yeast (Mouchel et al,, 2004). Our find-
ings are not in conflict with these earlier observations, but
they diminish the functional importance of the nuclear
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Figure 8 Amino acid substitutions in putative PAX phosphosites diminish BRX activity. A and B, PPSE strand defects in the roots of the indicated
genotypes (four representative independent lines, n = 13-20 roots). BRX>"° (B) carries three alanine substitutions for serines 123, 217, and 228.
C, Root length of Col-0, brx, and three “best” BRX>"© independent transgenic lines (n=28-38 roots). Box plots display second and third quartiles
and the median, bars indicate maximum and minimum. Statistical significance was determined by ordinary one-way ANOVA. D, PPSE strand
defects in the roots of the indicated genotypes, corresponding to the samples scored in (C) (n = 37-42 roots). Statistical significance was deter-
mined by Fisher’s exact test. E and F, Quantification of the indicated CITRINE fusion protein signal intensity at the rootward plasma membrane of
developing PPSEs, 1 or 3 h after mock or auxin treatment (n = 15-20 roots, average of 12—15 cells per root). Plot circles and squares display the
mean, error bars indicate standard deviation. Statistical significance was determined by ordinary one-way ANOVA. Statistically significant different

groups are indicated by different lowercase letters.

localization of BRX with regard to its known phloem func-
tions. We found that BRX variants expressed in the root
protophloem in the native context always display substantial
plasma membrane association and are barely visible in the
nucleus, even when explicitly targeted to the nucleus. Such
variants are also still able to rescue the brx root growth and
protophloem phenotypes. Our findings, therefore, suggest
that, for now, no biological role can be firmly associated
with the nuclear localization of BRX and that its previously
proposed central function as a transcriptional regulator
(Mouchel et al., 2004; Scacchi et al,, 2009) has to be revised.
Our data also resonate with the role of BRX in stomata for-
mation, which requires the plasma membrane association of
BRX, but not its nuclear localization (Rowe et al, 2019).

Phosphosites in the linker contribute to the

functional divergence of BRX family proteins

Besides the possible role of post-translational modifications, the
plasma membrane association of BRX in the protophloem
largely depends on PAX, presumably by a direct protein—pro-
tein interaction (Marhava et al, 2018, 2020). Interestingly, the
plasma membrane association of PAX is not sensitive to auxin,
but auxin stimulates its kinase activity (Marhava et al, 2018).
The latter may be conferred by recently identified, functionally

redundant upstream regulators of DGPK and PAX, the
3-PHOSPHOINOSITIDE-DEPENDENT ~ PROTEIN  KINASES
(PDK1) and PDK2 (Zegzouti et al, 2006; Tan et al, 2020; Xiao
and Offringa, 2020). It is, therefore, tempting to speculate that
BRX turnover and dissociation from the plasma membrane are
modulated by PAX-mediated phosphorylation. PAX activation
by auxin and, therefore, the stimulation of PIN-mediated auxin
efflux would thus be amplified by simultaneous removal of the
PAX inhibitor BRX. A direct test of this conceptually attractive
model through experimental means is unfortunately currently
out of reach. Yet, our striking observation that engineering of
putative D6PK/PAX target phosphosites into BRXL2, which can
also interact with PAX (Marhava et al, 2020), renders the mod-
ified protein auxin-responsive supports this model. The finding
that this modification also augments the activity of BRXL2 in
the context of root protophloem development, whereas, con-
versely, loss of the corresponding phosphosites diminishes the
auxin response and activity of BRX, further corroborates the
quantifiable contribution of the auxin-induced plasma mem-
brane dissociation of BRX to integrated PPSE differentiation
and the rheostat model (Marhava et al,, 2018).

Finally, our results also suggest that the functional diver-
gence within the BRX protein family resides mainly in the
linker between the tandem BRX domains. The tandem
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Figure 9 Partial rescue of the brx phenotype by a S. moellendorffii BRX homolog. A, Amino acid sequence alignment of A. thaliana (AtBRX) and
S. moellendorffii (SmBRX) BRX protein homologs, highlighting key features. B, Root length of Col-0, brx, and transgenic lines expressing A. thaliana
codon-optimized SmBRX-CITRINE fusion protein (five representative independent lines, n = 17-31 roots). Box plots display second and third
quartiles and the median, bars indicate maximum and minimum. Statistical significance was determined by ordinary one-way ANOVA. C, PPSE
strand defects in the roots of the indicated genotypes, corresponding to (B) (n = 34-106 roots). Statistical significance was determined by Fisher’s
exact test. D and E, Quantification of the indicated CITRINE fusion protein signal intensity at the rootward plasma membrane of developing
PPSEs, 1 or 3 h after mock or auxin treatment (n = 10-16 roots, average of 12-15 cells per root). Plot circles and squares display the mean, error
bars indicate standard deviation. Statistical significance was determined by ordinary one-way ANOVA. Statistically significant different groups are

indicated by different lowercase letters.

arrangement is the hallmark of BRX family proteins, and al-
though single BRX domains are found in other proteins
(Briggs et al, 2006; Furutani et al, 2020), their homology
does not extend into the linker. Moreover, compared to the
highly conserved BRX domains, the linker region is variable
both in sequence and size. Because BRX family proteins are
exchangeable in the context of stomata development (Rowe
et al, 2019), but not in the context of root protophloem de-
velopment (Briggs et al,, 2006; Beuchat et al,, 2010; Marhava
et al, 2020), the linker region has apparently evolved to
widen the developmental spectrum of BRX family protein
functions. Indeed, the SmBRX protein is the smallest of the
BRX homologs we could identify (One Thousand Plant
Transcriptomes, 2019) because of its very short linker do-
main. It will be interesting to determine whether the evolu-
tion of the linker sequence correlates with the evolution of

PPSEs. Comprehensive testing of BRX homologs from vari-
ous plant lineages for their functionality in A. thaliana could
help to answer this question.

Materials and methods

Plant material and growth conditions

The A. thaliana accession Columbia-0 (Col-0) was the wild-
type background for all lines used or produced in this study.
Transgenes were assayed in the Col-0 or brx-2 mutant
(Rodrigues et al, 2009) background. The brx brxl1 brxI2
brxI3 quadruple mutant has been described before (Briggs
et al, 2006; Rowe et al, 2019). The two independent
AT2G21030 mutant alleles were created in Col-0 via CRISPR/
Cas9 gene editing as described (Fauser et al, 2014; Graeff
et al, 2020), using guide RNA 5'-GCC GAG AGA UGU ACA
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Figure 10 Engineering of PAX phosphosites renders BRXL2 auxin-responsive. A, Root length of Col-0, brx, and transgenic lines expressing a modi-
fied BRXL2*"PP_CITRINE fusion protein (three representative independent lines, n = 3344 roots). BRXL2*"*P® carries nine amino acid substitu-
tions that introduce PAX target phosphosites (see Supplemental Figure S7). Box plots display second and third quartiles and the median, bars
indicate maximum and minimum. Statistical significance was determined by ordinary one-way ANOVA. B, PPSE strand defects in the roots of the
indicated genotypes, corresponding to (A) (n = 33-44 roots). Statistical significance was determined by Fisher’s exact test. C, Root length of Col-0,
brx, and transgenic lines expressing either BRXL2—CITRINE or the modified BRXL2***P°~CITRINE fusion protein (three “best” independent lines
each, scored in parallel, n = 39-48 roots). Box plots display second and third quartiles and the median, bars indicate maximum and minimum.
Statistical significance was determined by ordinary one-way ANOVA. D, PPSE strand defects in the roots of the indicated genotypes, correspond-
ing to (C) (n = 39-48 roots). Statistical significance was determined by Fisher’s exact test. E and F, Quantification of the indicated CITRINE fusion
protein signal intensity at the rootward plasma membrane of developing PPSEs, 1 or 3 h after mock or auxin treatment (n = 15-30 roots, average
of 12-15 cells per root). Plot circles and squares display the mean, error bars indicate standard deviation. Statistical significance was determined
by ordinary one-way ANOVA. G, Confocal microscopy images of BRXL2-CITRINE or BRXL2*PPP_CITRINE fusion protein expressed under the
control of the BRX promoter in the brx mutant background (yellow fluorescence, left), illustrating auxin-induced plasma membrane dissociation
of BRXL2*PAPP_CITRINE. (Right) overlay with PI cell wall staining (red fluorescence). Statistically significant different groups are indicated by differ-
ent lowercase letters.
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AUA AG-3'. For phenotyping assays, seeds were surface ster-
ilized and then stratified for 2 days in the dark at ~4°C be-
fore germination and growth in continuous white light of
~140 LIE intensity at ~22°C on vertically placed Petri dishes
that contained 0.5 x Murashige and Skoog (MS) medium
supplemented with 1% agar and 0.3% sucrose.

Generation of transgenic lines

Transgenic constructs for plant transformation were created
in suitable binary vectors and produced using standard mo-
lecular biology procedures and/or the Gateway™ cloning
technology. The translational BRX:BRX-CITRINE and
BRX:BRXL2—CITRINE fusions have been described before
(Rodriguez-Villalon et al, 2014; Marhava et al,, 2020). Similar
constructs were created with BRX (AT1G31880) or BRXL2
(AT3G14000) variants and SmBRX (SELMODRAFT_229072),
all of which was obtained by gene synthesis (GeneArt')
(Supplemental File S1). SmBRX was A. thaliana codon-
optimized. The CASP1 promoter has been previously de-
scribed (Roppolo et al, 2011). For the genomic BRXL1
(AT2G35600) and BRXL2 constructs, the BRXL1 promoter
(4,061 bp upstream of the start codon) and BRXL2 promoter
(2,616 bp upstream of the start codon) were amplified and
cloned into pDONR P4P1R. Genomic fragments of the
BRXL1 and BRXL2 transcript regions without the stop
codons were amplified and cloned from genomic DNA tem-
plate. Partial BRX fragments were amplified with suitable oli-
gonucleotides (Supplemental Table S1) and cloned using
standard procedures. BRX-BRXL2 hybrids were obtained by
gene synthesis (GeneArt ) (Supplemental File S1). Genes
were cloned into pDONR 221. These entry clones were com-
bined together with CITRINE in pDONR P2RP3 into the des-
tination vector pH7m34GW by the multisite Gateway
recombination system. For the AT2G21030 promoter, the
551bp upstream of the ATG codon were cloned in front of
an NLS-3XVENUS reporter gene as described (Marhava
et al, 2018). The binary constructs were introduced into
Agrobacterium tumefaciens strain GV3101pMP90 and trans-
formed using the floral dip method.

Phenotyping

For root length measurements, plates were scanned and
seedling root length was determined using Fiji software. For
quantification of gap cells, root PPSEs were checked and
counted by confocal microscopy (see below). Typically, 20—
40 (length) and 15-20 (gap cells) roots were investigated for
each genotype and/or treatment.

Auxin treatments

Five- to six-day-old seedlings were transferred onto liquid
MS medium with or without 10 uM 1-naphthyl-acetic acid
pre-dissolved in dimethyl sulfoxide (DMSO) and kept in
continuous white light of ~140LE intensity at ~22°C.
Seedlings were removed for analysis at the indicated
timepoints.

S. W. H. Koh et al.

Confocal imaging and image analysis

For confocal microscopy images, a Zeiss LSM 700 confocal
scanning microscope was used with the following fluores-
cence excitation—emission settings to visualize reporter
genes and staining signals: CITRINE excitation 514 nm, emis-
sion 529nm; VENUS excitation 515nm, emission 528 nm;
propidium iodide (PI) excitation 536 nm, emission 617 nm.
Pictures were taken with 20X or 40 x water/oil immersion
objectives. Samples within one experiment were imaged
with identical settings. For image analyses, Image] and Zeiss
Zen 2011 (black edition) image analysis software were used.
For signal quantifications (raw intensity without background
correction), regions of interest were analyzed at the plasma
membrane of developing PPSEs (typically 10-16 PPSEs per
time point and treatment) in the same area of the root
meristem. The average signal intensity per transgenic line
was calculated as the mean of means (typically 12-20 roots
per time point and treatment).

VISUAL assay and phosphoproteomics

The VISUAL assay was performed with BRX:BRX-CITRINE
expressed in brx as described (Kondo et al, 2016, Marhava
et al, 2018). Immuno-precipitated BRX-CITRINE samples
were run on sodium dodecyl (lauryl) sulfate-polyacrylamide
gel electrophoresis, and bands covering the BRX-CITRINE
size range were cut out. Samples were prepared by semi-
trypsin (two replicates) or semi-chymotrypsin (one replicate)
digest for subsequent analysis by tandem mass spectrometry
as described (Marhava et al, 2018).

In vitro kinase phosphorylation assays

Kinase assays with bacterially expressed D6PK, PAX, and
BRX-GST fusion proteins were performed as described
(Marhava et al, 2018). BRX point mutants were created by
site-directed mutagenesis using standard procedures
(Zourelidou et al,, 2014).

Oocyte experiments
Auxin transport assays in X. laevis oocytes were performed
as described (Marhava et al.,, 2018).

Quantification and statistical analysis

Statistical analyses were performed in Graphpad Prism soft-
ware version 8.4.3. ANOVA and T-test results are provided
in Supplemental File S2.

Sequence alignments
Sequence alignments were performed in SnapGene software
version 5.1.3.

Accession numbers

Sequence data from this article can be found in the
GenBank/EMBL libraries under the following accession num-
bers: BRX (AT1G31880), BRXL1 (AT2G35600), BRXL2
(AT3G14000), AT2G21030, and SmBRX
(SELMODRAFT_229072).
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