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The subcellular localization of aquaporins belonging to the plasma membrane intrinsic protein (PIP) subfamily is
highly regulated. In maize (Zea mays), ZmPIP1s are retained in the endoplasmic reticulum (ER) whereas ZmPIP2s are
able to reach the plasma membrane (PM). We recently identified a new sorting determinant which is buried within the
third transmembrane domain (TM3) of ZmPIP2;5. The Leu127 and Ala131 are required for the localization of ZmPIP2;5
in the PM and for its exit from the ER. However, when inserted into ZmPIP1;2, these amino acids were not sufficient to
export the protein out of the ER. Here, we show that, when inserted into a truncated version of ZmPIP1;2 consisting
only of its TM3 region, Leu127 and Ala131 of ZmPIP2;5 are able to partially bring the protein to the PM, demonstrating
the active anterograde sorting function of this motif.

Aquaporins are channels that facilitate the diffusion of water and
small neutral solutes and play important roles in plants.1-3 Aqua-
porins of the plasma membrane intrinsic protein (PIP) subfamily
have classically been described as localized in the plasma mem-
brane (PM).4,5 However, when expressed alone in maize (Zea
mays) cells, PIP proteins belonging to the ZmPIP1 and ZmPIP2
groups display distinct subcellular localization patterns.6 Confo-
cal microscopy experiments have shown that fluorescently-tagged
ZmPIP2s are able to reach the PM, whereas ZmPIP1s remain in
the endoplasmic reticulum (ER; Fig. 2A, panels 1–6). Only coex-
pression of ZmPIP2s with ZmPIP1s allows ZmPIP1s to reach
the PM as a result of a physical interaction with ZmPIP2s. A
diacidic motif in the N-terminus of some PIP2s is required for
their export out of the ER.7,8 However, not all PM-localized
PIPs contain this motif, and ER-retained ZmPIP1s contain
diacidic sequences in their N-terminal tail.6,7 Thus, additional
sorting signals must exist to account for the general discrimina-
tion between ZmPIP2s and ZmPIP1s along the secretory path-
way. In accordance with this, we recently identified a novel
trafficking signal required for the correct PM localization of
ZmPIP2s.9 The Leu127 and Ala131 residues of ZmPIP2;5
appeared to be critical for the protein to reach the PM, and par-
ticularly to exit the ER. Surprisingly, this LxxxA motif is localized

in the transmembrane domain (TM) 3. Therefore, contrary to
most trafficking signals identified to date, the newly identified
sorting motif is not directly accessible to cytosolic trafficking
machineries. To link this new trafficking signal with well-estab-
lished secretory transport mechanisms, interaction with a recep-
tor protein or with specific lipids has been hypothesized.9-11

However, despite their critical role in the anterograde routing of
ZmPIP2;5 toward the PM, Leu127 and Ala131 were not suffi-
cient to bring ZmPIP1;2 out of the ER. Here, we present data
supporting an active role of Leu127 and Ala131 in the routing of
ZmPIP2;5 to the PM.

In our previous study, we showed that, when fused to the
monomeric fluorescent protein (mYFP) the TM3 of ZmPIP1;2
(mYFP:TM3ZmPIP1;2; Fig. 1) and ZmPIP2;5 (mYFP:
TM3ZmPIP2;5) are localized in the ER and the PM of leaf epider-
mal cells, respectively, reflecting the localization of the full-length
proteins.9 Here, to test whether Leu127 and Ala131 of
ZmPIP2;5 were able to confer their anterograde trafficking func-
tion to another protein, these amino acid residues were inserted
into the single-TM reporter mYFP:TM3ZmPIP1;2 (mYFP:
TM3ZmPIP1;2F137L/M141A; the numbering of the amino acids
refers to their position in the full-length proteins; Fig. 1). The
ZmPIP2;5 counterpart (mYFP:TM3ZmPIP2;5L127F/A131M)
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was generated as well. The subcellular localization of these pro-
teins was analyzed in maize mesophyll protoplasts (Fig. 2). The
YFP-fused TM3 region of ZmPIP1;2 (mYFP:TM3ZmPIP1;2) was

fully blocked in intracellular membranes, while the ZmPIP2;5-
derived reporter mYFP:TM3ZmPIP2;5 could reach the PM
(Fig. 2A, panels 7–12). But mYFP:TM3ZmPIP2;5 was also par-

Figure 1. Cartoon representation of mYFP-tagged proteins analyzed in this study. ZmPIP2;5 portions are shown in black and ZmPIP1;2 portions are
shown in white. The mYFP is represented as a gray sphere. Site-directed mutations, relative to their respective position in full-length ZmPIP2;5 and
ZmPIP1;2, are indicated.

Figure 2. The Leu127 and Ala131 residues of
ZmPIP2;5 induce a partial PM localization of
mYFP:TM3ZmPIP1;2 in maize mesophyll proto-
plasts. (A) Protoplasts expressing mYFP:
ZmPIP2;5, mYFP:ZmPIP1;2, the TM3 of
ZmPIP2;5 fused to the mYFP (mYFP:
TM3ZmPIP2;5), the TM3 of ZmPIP1;2 fused to
the mYFP (mYFP:TM3ZmPIP1;2), the TM3 of
ZmPIP2;5 with the Leu127 and Ala131 resi-
dues mutated into their ZmPIP1;2 counter-
parts fused to the mYFP (mYFP:
TM3ZmPIP2;5L127F/A131M), or the TM3 of
ZmPIP1;2 in which the Leu127 and Ala131 of
ZmPIP2;5 have been inserted fused to the
mYFP (mYFP:TM3ZmPIP1;2F137L/M141A) (in
green). The protoplasts have been treated
with FM4–64 to label the PM (Red). Scale
bars D 5 mm. (B) Quantification of the effect
of the LxxxA motif on the PM localization of
mYFP:TM3ZmPIP1;2. Relative YFP fluorescence
intensity in the PM of maize mesophyll pro-
toplasts transiently expressing mYFP:
ZmPIP2;5, mYFP:ZmPIP1;2, mYFP:TM3ZmPIP2;5,
mYFP:TM3ZmPIP1;2, mYFP:TM3ZmPIP2;5L127F/
A131M or mYFP:TM3ZmPIP1;2F137L/M141A.
The Y-axis shows the ratio between the fluo-
rescence originating from the PM and the
fluorescence originating from the whole cell.
Error bars are confidence intervals (a = 0.05).
Statistically significant differences and their
associated p-values are indicated. The inten-
sity of the PM fluorescence was significantly
higher for mYFP:ZmPIP2;5 than for all other
fusion proteins, but these p-values are not
indicated on the graph for clarity reasons.
The localization patterns of the proteins of
interest (A) are representative of at least 23
cells. The PM fluorescence calculations (B)
have been performed on the same dataset.
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tially localized in intracellular structures in addition to the PM.
As expected, mutation of the critical L and A residues (mYFP:
TM3ZmPIP2;5L127F/A131M) completely prevented the protein
to reach the PM (Fig. 2A, panels 13–15). Interestingly, insertion
of the L and A residues into the TM3 of ZmPIP1;2 (mYFP:
TM3ZmPIP1;2F137L/M141A) allowed the protein to partially
reach the PM (Fig. 2A, panels 16–18). Even though only a frac-
tion of the signal originated from the PM of protoplasts express-
ing mYFP:TM3ZmPIP2;5 or mYFP:TM3ZmPIP1;2F137L/M141A,
there was a clear difference compared to the localization of
mYFP:TM3ZmPIP1;2 and mYFP:TM3ZmPIP2;5L127F/A131M.
While mYFP:TM3ZmPIP1;2 and mYFP:TM3ZmPIP2;5L127F/
A131M were fully absent from the PM and localized only in a
structure reminiscent of the ER, mYFP:TM3ZmPIP2;5 and mYFP:
TM3ZmPIP1;2F137L/M141A partially reached the PM, but were
also localized in an intracellular membrane surrounding a large
intracellular compartment, tentatively identified as the tonoplast,
and in the ER. This partial PM localization pattern was seen in
50% and 69% of the cells expressing mYFP:TM3ZmPIP2;5 and
mYFP:TM3ZmPIP1;2F137L/M141A, respectively.

To assess these results, the relative signal in the protoplast PM
was quantified as described in Besserer et al.12 (Fig. 2B). With
the exception of mYFP:ZmPIP2;5, all proteins displayed a rela-
tively weak signal in the PM, but statistically significant differen-
ces could be observed. As expected, insertion of the critical L and
A residues into the TM3 of ZmPIP1;2 (mYFP:
TM3ZmPIP1;2F137L/M141A) induced a significant increase of
the PM signal compared to mYFP:TM3ZmPIP1;2. The PM fluo-
rescence observed for mYFP:TM3ZmPIP1;2F137L/M141A and
mYFP:TM3ZmPIP2;5 was similar, indicating that the trafficking
function of Leu127 and Ala131 of ZmPIP2;5 could indeed be
transferred to mYFP:TM3ZmPIP1;2. In support of this, mYFP:
TM3ZmPIP1;2F137L/M141A was significantly more present in
the PM than mYFP:TM3ZmPIP2;5L127F/A131M, while the non-
mutated TM3 reporters showed the opposite behavior. Finally,
despites its partial intracellular localization, mYFP:TM3ZmPIP2;5

was significantly more targeted to the PM than mYFP:
TM3ZmPIP1;2, confirming the qualitative data obtained in epider-
mal cells.9

Even though they were statistically significant, the differences
between ER-retained (mYFP:TM3ZmPIP1;2 and mYFP:
TM3ZmPIP2;5L127F/A131M) and PM-localized (mYFP:
TM3ZmPIP2;5 and mYFP:TM3ZmPIP1;2F137L/M141A) TM3
fusions were relatively weak. The fluorescent signal in the PM
might have been underestimated for the latter proteins as a result
of their partial ER and tonoplast localization. The observed pres-
ence of two reporters (mYFP:TM3ZmPIP2;5 and mYFP:
TM3ZmPIP1;2F137L/M141A) in a structure reminiscent of the
tonoplast, in addition to the ER and the PM, is surprising. The
fact that these proteins reach post-ER compartments shows that
the TM3-based LxxxA motif of ZmPIP2;5 indeed confers to
these reporter proteins a partial ability to leave the ER. However,
compared to ZmPIP2;5 full length, a fraction of the pool of
mYFP:TM3ZmPIP2;5 and mYFP:TM3ZmPIP1;2F137L/M141A
proteins seems to be misrouted at the TGN toward the vacuolar
membrane. This suggests that the correct localization of

ZmPIP2;5 in the PM relies on both the diacidic and LxxxA
motifs for ER export, but likely also on other trafficking determi-
nants localized in regions of the protein different than the TM3
for PM targeting from the TGN. This observation underlines the
complexity of the subcellular sorting of PIP aquaporins toward
the PM, and suggests the existence of even other, yet unidenti-
fied, trafficking motifs in these proteins.

Finally, the mutated and non-mutated single-TM reporter
proteins have been expressed in leaf epidermal cells by micropar-
ticle-mediated DNA delivery (Fig. 3). This confirmed the results
obtained in the protoplast system. Mutation of the Leu127 and
Ala131 residues in the TM3 of ZmPIP2;5 (mYFP:
TM3ZmPIP2;5L127F/A131M) dramatically retained the protein
in intracellular structures. On the other hand, insertion of
ZmPIP2;5 Leu127 and Ala131 into the TM3 of ZmPIP1;2
(mYFP:TM3ZmPIP1;2F137L/M141A) allowed the protein to par-
tially reach the PM. However, some unidentified intracellular
punctate structures were labeled in addition to the PM.

In this short report, the use of artificial single-TM reporter
proteins allowed to highlight the active anterograde sorting func-
tion of the Leu127 and Ala131 residues of ZmPIP2;5. This sig-
nal also functions when transferred into the single TM3 of
ZmPIP1;2 whereas its effect was masked when full-length
ZmPIP1;2 was used, likely as a consequence of the presence of
other sorting signals.7,9

Figure 3. The LxxxA motif of ZmPIP2;5 partially brings mYFP:TM3ZmPIP1;2

to the PM in maize leaf epidermal cells. Maize leaf epidermal cells
expressing mYFP:ZmPIP2;5, mYFP:ZmPIP1;2, mYFP:TM3ZmPIP2;5, mYFP:
TM3ZmPIP1;2, mYFP:TM3ZmPIP2;5L127F/A131M or mYFP:TM3ZmPIP1;2F137L/
M141A. The left half of each cell is shown as a maximum projection of a
Z-stack to visualize intracellular structures. The localization patterns of
the proteins of interest are representative of a total of at least 13 cells
coming from a minimum of 2 independent experiments. Scale bars D
20 mm.
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