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Plant tropisms are decisively influenced by dynamic adjustments in the spatiotemporal distribution of the growth
regulator auxin. Polar auxin transport requires activity of PIN-type auxin carrier proteins, with their distribution at the
plasma membrane significantly contributing to the directionality of auxin flow. Control of PIN protein distribution involves
regulation of their endocytosis and further sorting into the lytic vacuole for degradation and recently, protein ubiquitylation
has been demonstrated to control degradative sorting of plasma membrane proteins in plants.”® Here we show dynamic
adjustments in PIN2 ubiquitylation in gravity-stimulated roots, a response that coincides with establishment of a lateral
PIN2 expression gradient. Our results imply that perception and transduction of gravity signals triggers differential
ubiquitylation of PIN2, which might feed back on the coordination of auxin distribution in root meristems.

Results and Discussion

Control of abundance and distribution of plasma membrane pro-
teins determines crosstalk of cells with their environment. This
involves adjustments in the amounts of proteins at the plasma
membrane, which in turn modulate the amplitude of signal
perception as well as rates of solute transport across membrane
borders.>”

Recently, adjustments in sorting and proteolytic turnover of
Arabidopsis PIN2 auxin carrier protein have been demonstrated
to coincide with variations in its ubiquitylation. Specifically,
reduced PIN2 ubiquitylation could be mimicked by mutagenesis
of various lysines found in its central hydrophilic loop, which
caused protein stabilization.? Notably, such defects in ubiquity-
lation were apparent only upon combined replacement of sev-
eral loop-residing lysines by arginines. This suggested that these
various lysines in the loop could be recognized by the plant’s
ubiquitylation machinery, potentially highlighting functional
redundancies of these residues. In contrast, constitutive ubig-
uitylation, as mimicked by expressing a PIN2-ubiquitin fusion
protein, resulted in enhanced internalization and vacuolar target-
ing, which seemingly depended on recognition of the ubiquitin
moiety by so far elusive adaptor proteins.?

Apart from cis-acting elements, mediating intracellular sort-
ing of PIN2, RGLG RING-finger E3 ligases have been identi-
fied to modulate levels of PIN2 ubiquitylation and steady-state
levels, suggestive of their active involvement in the regulation of
PIN2 turnover.®® In addition, application of excess amounts of
a synthetic auxin analog was demonstrated to trigger PIN2 deg-
radation, a response that coincided with an increase of ubiquity-
lated PIN2, indicating that protein ubiquitylation could indeed
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function as determinant of PIN2 stability.> However, it remained
to be established whether or not dynamic changes in overall ubig-
uitylation could influence PIN2 protein fate in a developmental
context.

Gravitropic root bending was suggested to depend on estab-
lishment of a lateral auxin gradient, resulting in differential cell
elongation at the upper vs. the lower side of the root meristem .
Dynamic variations in PIN2 stability could reinforce auxin gra-
dient establishment, since this protein has been demonstrated
to undergo more pronounced endocytosis and vacuolar target-
ing at the upper side of the root meristem, whereas the protein
is seemingly stabilized at its lower side.""> Mutant pin2 alleles
deficient in their ubiquitylation no longer efficiently establish a
lateral PIN2 expression gradient in gravistimulated root meri-
stems suggesting that differential protein ubiquitylation could
be involved.> We further tested this possibility and determined
PIN2 ubiquitylation in gravistimulated roots over time. To this
end, 6-d-old Col-0 wild type seedlings germinated on vertically
oriented plates were gravistimulated by turning plates at an angle
0f 90 degrees. Roots were then harvested at indicated time points
and used for membrane protein extraction followed by immuno-
precipitation as described.®!° Precipitated proteins were separated,
blotted and probed with PIN2- and ubiquitin-specific antibodies
(Fig. 1A). The experiment revealed a transient decrease in immu-
noprecipitated PIN2 levels upon gravistimulation, which was not
observed in non-stimulated controls (Fig. 1A and C), suggestive
of enhanced degradation of the auxin carrier protein in response
to gravity. Normalization of ubiquitin-specific signals to amounts
of precipitated PIN2 allowed us to determine variations in ubig-
uitylation of membrane-associated PIN2 (Fig. 1B). These exper-
iments revealed a transient increase in protein ubiquitylation

Plant Signaling & Behavior 1271

Do not distribute.

I0Science.

©2012 Landes B



A B

a-PIN2 Col-0 gravistimulated
eirt-4 0' 15" 30" 60" 90' 120 8 -
kDa
72 — . ; 7 -
s
56 — . - -
o 5+
a-UBQ 4
a4
230 — . g
D 34
2

s ¥ .
||||*

% c3n
130 —
95 —
72 — [

a-PIN2
kDa 0 30" 60' 90
“"sal
56 — .
a-uBQ
230 —

0" 15' 30' 60' 90' 120

130 —
95 —
72 — *

duration of gravistimulation

Figure 1. PIN2 ubiquitylation upon gravistimulation (A) western blots performed with PIN2 immunoprecipitates derived from 6-d-old Col-0 roots
grown on horizontally positioned roots that were probed with either anti-PIN2 (top) or anti-ubiquitin (bottom) antibodies. Samples were gravis-
timulated by turning plates clockwise at an angle of 90 degrees. A first sample was taken at time point 0’ immediately before gravistimulation. The
duration of gravistimulation is indicated below the blots. All details on protein extraction as well as reagents and conditions used, were according to
Leitner et al.> Two biological repetitions have been performed. Ig-specific signals are indicated by an asterisk. (B) Quantification of signal intensities
performed with ImageJ software. Signals on scanned blots (A) were quantified and ubiquitin-specific signals were normalized to PIN2 signals (signals
corresponding to PIN2 and ubiquitin-specific signals ranging from 75 kDa to 230 kDa were considered for quantification; |g-specific bands visible on
the ubiquitin blot were omitted). (C) Control immunoprecipitation performed as described in (A), but without gravistimulation. Samples were ex-
tracted from roots of vertically positioned Col-0 seedlings at time points indicated on top of the blots. Ig-specific signals are indicated by an asterisk.

starting at around 30 min after gravistimulation. Relative PIN2
ubiquitylation peaked at 60 min of gravistimulation and dropped
again afterwards (Fig. 1B), whereas no comparable kinetics could
be observed in non-stimulated control samples (Fig. 1C). This
indicates that gravitropic root bending coincides with dynamic
adjustments in PIN2 ubiquitylation.

Variations in auxin distribution have been intimately con-
nected to the regulation of gravitropic root bending.”'* This
might involve translocation of the growth regulator from the
very root tip into auxin responsive cells in the transition zone of
the root meristem, ultimately resulting in differential expansion
of root cells.” Variations in PIN2 ubiquitylation might further
enhance this kind of response. In one possible scenario, increased
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