
Mechanisms Activating Latent Functions of PIP Aquaporin
Water Channels via the Interaction between PIP1 and
PIP2 Proteins
Mineo Shibasaka1, Tomoaki Horie2 and Maki Katsuhara1,*

1Institute of Plant Science and Resources (IPSR), Okayama University, Kurashiki, 710-0046 Japan
2Division of Applied Biology, Faculty of Textile Science and Technology, Shinshu University, Ueda, Japan
*Corresponding author: E-mail, kmaki@okayama-u.ac.jp; Fax,þ81-86-434-1249.
(Received 22 August 2019; Accepted 27 October 2020)

Plant plasma membrane-type plasma membrane intrinsic
protein (PIP) aquaporins are classified into two groups, PIP1s
and PIP2s. In this study, we focused onHvPIP1;2, a PIP1 in barley
(Hordeum vulgare), to dissect the molecular mechanisms that
evoke HvPIP1-mediated water transport. No HvPIP1;2 protein
was localized to the plasmamembranewhen expressed alone in
Xenopus laevis oocytes. By contrast, a chimeric HvPIP1;2 protein
(HvPIP1;2_24NC), in which the N- and C-terminal regions were
replaced with the corresponding regions from HvPIP2;4, was
found to localize to the plasma membrane of oocytes.
However, HvPIP1;2_24NC showed no water transport activity
in swelling assays. These results suggested that the terminal
regions of PIP2 proteins direct PIP proteins to the plasmamem-
brane, but the relocalization of PIP1 proteins was not sufficient
toPIP1s functionalityas awater channel inamembrane.Asingle
amino acid replacement of threonine by methionine in
HvPIP2;4 (HvPIP2;4T229M) abolished water transport activity.
Co-expression ofHvPIP1;2_24NCeitherwithHvPIP2;4_12NCor
withHvPIP2;4TM_12NC, inwhich theN-andC-terminal regions
were replaced with the corresponding regions of HvPIP1;2,
increased the water transport activity in oocytes. These data
provided evidence that the HvPIP1;2 molecule has own water
transport activity and an interactionwith themiddle part of the
HvPIP2;4 protein (except for the N- and C-termini) is required
for HvPIP1;2 functionality as a water channel. This molecular
mechanism could be applied to other PIP1s and PIP2s in add-
ition to the known mechanism that the terminal regions of
some PIP2s lead some PIP1s to the plasma membrane.

Keywords: Barley • Co-expression • Oocyte • PIP aquaporin
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Accession numbers: The GenBank accession number for each
gene is AB275278 (Hordeum vulgare HvPIP1;2) and AB219525
(H. vulgare HvPIP2;4).

Introduction

Adequate water uptake across biological membranes is essential
for living cells. Aquaporins, also known as membrane intrinsic

proteins, play a pivotal role in this process as water channels and
are known to be widespread in bacteria, animals, and plants
(Maurel et al. 2015, Chaumont and Tyerman 2017). The mem-
brane intrinsic protein gene family is large and diverse, andmany
family members have been found to transport small molecules
including ions in addition to water (Dordas et al. 2000, Tyerman
et al. 2002, Gaspar et al. 2003, Uehlein et al. 2003, Ma et al. 2006,
Takano et al. 2006, Bienert et al. 2007, Ma et al. 2008, Mori et al.
2014, Byrt et al. 2017, Rhee et al. 2017). Plasma membrane in-
trinsic proteins (PIPs) are considered to be primary water chan-
nels that mediate water transport in the plasma membrane of
plant cells, including water uptake from the outer environment
(Javot andMaurel 2002, Katsuhara et al. 2008). Plant PIPs can be
divided into two groups, PIP1s and PIP2s, according to their
sequence similarity (Tyerman et al. 1999, Chaumont et al.
2001). In the tissues of several plant species, the expression of
PIP1s has been reported to be predominant compared with
PIP2s (Alexandersson et al. 2005, Matsumoto et al. 2009, Horie
et al. 2011). However, PIP1s often showed no water transport
activity when expressed in Xenopus laevis oocytes and yeast
vesicles (Suga and Maeshima 2004, Fetter et al. 2004, Sakurai
et al. 2005, Horie et al. 2011), although some PIP1s showed low
water transport activity in oocytes (Kammerloher et al. 1994,
Yamada et al. 1995, Moshelion et al. 2002, Tournaire-Roux et al.
2003, Li et al. 2009, Horie et al. 2011, Jozefkowicz et al. 2016).

In contrast to PIP1s, all PIP2s exhibit high water transport
activity. Fetter et al. (2004) showed that, in X. laevis oocytes,
co-expression of ZmPIP1;2 and ZmPIP2;1 increased the cell os-
motic water permeability coefficient (Pf). Co-expression of PIP1
and PIP2 proteins was also investigated in Mimosa (Temmei
et al. 2005), tobacco (Mahdieh et al. 2008), grapevine
(Vandeleur et al. 2009), beet (Bellati et al. 2010), rice
(Matsumoto et al. 2009), barley (Horie et al. 2011) and straw-
berry (Yaneff et al. 2014). These data indicated that PIP1s are
involved in enhancing water transport across the plasma mem-
brane together with PIP2s. Physical interactions between PIP1
and PIP2 aquaporins were confirmed with FRET-FLIM experi-
ments and bimolecular fluorescence complementation using
PIPs from maize (Zelazny et al. 2007), tobacco (Otto et al.
2010) and Arabidopsis (Sorieul et al. 2011). Zelazny et al.
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(2007) demonstrated that interactions between ZmPIP1s and
ZmPIP2s occurred in maize mesophyll protoplasts, and the
PIP1–PIP2 interaction induced the relocation of ZmPIP1s to
the plasma membrane. These results showed that PIP1 proteins
are involved in water transport when co-expressed with a PIP2.
Fetter et al. (2004) observed that the fusion of ZmPIP1;2 with
ZmPIP2;5GW, an inactive mutant of ZmPIP2;5, increased the Pf
to a level similar to that of ZmPIP1;2–ZmPIP2;5. More recently,
Berny et al. (2016) demonstrated that single-residue sub-
stitutions in ZmPIPs could alter ZmPIP1–ZmPIP2 protein
interactions and the water transport activity. For instance, the
Phe220Ala mutation in ZmPIP1;2 activated ZmPIP1;2 itself but
inactivated ZmPIP2;5 when co-expressed.

We reported previously that the co-expression of HvPIP1
and HvPIP2 aquaporins from barley (Hordeum vulgare) induces
enhancement of the water transport activity in X. laevis oocytes,
as has been seen in PIP aquaporins from other plant species
(Horie et al. 2011). In the present study, we prepare artificial
HvPIP mutants and chimeric proteins between HvPIP1;2 and
HvPIP2;4 to investigate the water transport activity of HvPIP1;2
of which mRNA is most abundant among HvPIP1s in barley
roots (Horie et al. 2011). We discuss the mechanism activating
the latent function of PIP1s as water a channel.

Results

Co-expression of HvPIP1;2 and HvPIP2;4 in X.
laevis oocytes

Co-expression of HvPIP1;2 and HvPIP2;4 showed higher Pf than
the expression of HvPIP2;4 alone in X. laevis oocytes (Horie et al.
2011). Therefore, we examined this combination in the present
study. No increase in Pf values was observed in oocytes express-
ing HvPIP1;2 alone in contrast to the oocytes expressing
HvPIP2;4 alone, which showed high Pf values (Fig. 1A, bars 1,
2 and 4). Co-expressing HvPIP1;2 with HvPIP2;4 showed higher
Pf values than the sum of those obtained by expressing HvPIP1;2
and HvPIP2;4 separately (Fig. 1A, bars 2, 4 and 6).

Replacement of the cysteine residue located three amino
acids N-terminally upstream of the second NPA motif with
an amino acid containing a large side chain, such as methionine
or tyrosine, has been reported to lead to the inactivation of
CHIP28 aquaporin (Jung et al. 1994). Because plant PIPs have a
threonine residue instead of cysteine at the homologous
location, HvPIP2;4T229M was produced by the replacement
of threonine 229 with methionine (Fig. 2A). HvPIP2;4T229M
was detected in the plasma membrane of oocytes by immuno-
staining as same as HvPIP2;4 wild type (Fig. 1B, Supplementary
Fig. S1), but this replacement abolished the water transport
activity of the protein (Fig. 1A, C). Bright dots along the region
of the plasma membrane in Fig. 1B-c are also seen in Fig. 3B-b,
which may show membrane rafts where PIP aquaporins
accumulate (Mongrand et al. 2004).

Similarly, HvPIP1;2T238Mwas produced by the replacement
of threonine 238 with methionine in HvPIP1;2, which did not
lead to a significant difference in the water transport activity

when expressed alone (Fig. 1A, bars 1–3). Of note, the
co-expression of HvPIP1;2 and HvPIP2;4T229M resulted in sig-
nificant water transport activity (Fig. 1A, bar 7), suggesting that
the T229M replacement mutation did not abolish the ability of
HvPIP2;4 to interact with HvPIP1;2 leading to a relocalization of
HvPIP1;2 to the plasma membrane and a Pf increase. On the
other hand, the co-expression of HvPIP1;2T238M and
HvPIP2;4T229M showed similar Pf values to the negative con-
trol (Fig. 1A, bars 1 and 9), indicating that the HvPIP1;2T238M
mutant lost water transport activity. The co-expression of
HvPIP1;2T238M and HvPIP2;4 also showed water transport
activity, but lower than the co-expression of HvPIP2;4 and
HvPIP1;2 (Fig. 1A, bars 6 and 8).

Protein targeting to the plasma membrane and
water channel function
We produced chimeric HvPIP proteins by swapping N- and/or
C-termini of HvPIP1;2 with those of HvPIP2;4 to investigate
the role of the parts in the plasma membrane targeting HvPIP
proteins. Fig. 2 shows the schematic structures of chimeric
PIPs and amino acid sequences of swapped sections including
epitopic regions for antibodies used in the present study.

Both HvPIP1;2_24N and HvPIP1;2_24NC showed no water
transport activity in X. laevis oocytes (Fig. 3A, bars 1–4).
However, immunofluorescence analysis indicated that the
HvPIP1;2_24NC protein accumulated in the plasma membrane
(Fig. 3B-b, Supplementary Fig. S1). These observations sug-
gested that the HvPIP1;2 water channel may be inactive even
when localized in the plasma membrane. By contrast, HvPIP2;4
showed high water transport activity with accumulation in the
plasma membrane (Fig. 3A, bar 5), but water transport activity
was hardly observed in oocytes expressing HvPIP2;4_12N or
HvPIP2;4_12NC (Fig. 3A, bars 6 and 7). Immuno-staining
revealed that HvPIP2;4_12NC was not observed in the plasma
membrane (Fig. 3B-a, Supplementary Fig. S1).

Latent PIP1;2 water transport activity appeared
when co-expressed with PIP2;4
HvPIP1;2 could not be detected in the plasma membrane if
expressed alone (Fig. 1B-a, Supplementary Fig. S1). When
co-expressed with HvPIP2;4, HvPIP1;2 was localized to the
plasma membrane and accumulated there (Fig. 4A-a).
HvPIP2;4_12NC showed the recovery of accumulation in the
plasma membrane when co-expressed with HvPIP1;2_24NC
(Fig. 4A-c). These results suggested that HvPIP1;2_24NC
recruits HvPIP2;4_12NC to the plasma membrane, as seen
in general PIP1–PIP2 co-expression. Although neither
HvPIP1;2_24NC nor HvPIP2;4_12NC exhibited any water trans-
port activity when expressed alone (Fig. 4B, bars 3 and 6),
significant water transport activity was detected in oocytes
co-expressing both HvPIP1;2_24NC and HvPIP2;4_12NC
(Fig. 4B, bar 9) as well as in oocytes co-expressing HvPIP1;2
and HvPIP2;4 (Fig. 4B, bar 8). When HvPIP2;4TM_12NC (N-
and C-termini of HvPIP2;4T229M were swapped with those
of HvPIP1;2) was used for co-expression with HvPIP1;2_24NC
instead of HvPIP2;4_12NC, the oocytes showed significant
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water transport activity, but the activity was lower than that of
oocytes co-expressing HvPIP1;2_24NC and HvPIP2;4_12NC
(Fig. 4B, bars 9 and 10). In addition, co-expression of
HvPIP1;2TM_24NC with HvPIP2;4_12NC led to significant but
lower water transport activity than the combination of
HvPIP1;2_24NC and HvPIP2;4_12NC (Fig. 4B, bars 9 and 11).
Note that a combination of TM mutations on HvPIP1;2_24NC
and HvPIP2:4_12NC did not provide significant water transport
activity (Fig. 4B, bars 9 and 12).

Discussion

Many PIP1 aquaporins show no water transport activity be-
cause such PIP1s failed to be targeted to the plasma membrane
in oocytes when expressed alone (Fetter et al. 2004). Zelazny
et al. (2007) showed that PIP1s expressed alone were also not
targeted to the plasma membrane of maize protoplasts. Co-
expressing HvPIP1;2 with HvPIP2;4 induced high Pf values in
the present study, which was consistent with previous reports

Fig. 1 Osmotic water permeability coefficient (Pf) values of oocytes expressing HvPIP1;2. HvPIP2;4 and their mutants. (A) Pf values of oocytes co-
expressing HvPIP mutants with a single amino acid replacement of threonine with methionine. The amounts of cRNAs injected were 0.5 ng for
HvPIP2;4 and HvPIP2;4T229M and 2.5 ng for HvPIP1;2 and HvPIP1;2T238M. Each bar shows the mean (n ¼ 7–10) ± SD. Different lowercase letters
indicate a significant difference at P < 0.05. (B) Localization of HvPIP1;2 (a), HvPIP2;4 (b) and HvPIP2;4T229M mutant (c). Immuno-staining was
performedusing the anti-HvPIP1s antibody (B-a), anti-HvPIP2;4 antibody (B-b toB-d) on sections of oocytes, whichwere injectedwith either 50 ngof
HvPIP1;2 (B-a),HvPIP2;4 (B-b),HvPIP2;4T229M (B-c) cRNAorwater (B-d) as a negative control. (C)Dependency ofPf ofHvPIP2;4 andHvPIP2;4T229M
expressed in oocytes on the amount of cRNA. Blue circles and orange crosses represent HvPIP2;4 andHvPIP2;4 T229M, respectively. Each spot shows
the mean (n ¼ 9–10) ± SD.
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(Fetter et al. 2004, Temmei et al. 2005, Mahdieh et al. 2008,
Matsumoto et al. 2009, Vandeleur et al. 2009, Bellati et al.
2010, Horie et al. 2011). Aquaporins form tetramers, and het-
erotetramer formation is thought to be involved in the high Pf
upon the co-expression of PIP1s and PIP2s (Zelazny et al. 2007).
However, themechanism of such high Pf is not fully understood.

In the present study, we investigated the molecular mecha-
nisms that activate the latent function of PIP1 aquaporin water
channels via interaction with PIP2s. Data indicated that at least
two distinct mechanisms should be considered: first, the reloca-
tion mechanism of PIP1 proteins from the ER in the cytoplasm
(Zelazny et al. 2009) to the plasma membrane and, second, the

mechanism of PIP1 functionality as a water channel in the
plasma membrane.

As for the relocation of PIP1s, the termini of PIP proteins
were essential. Replacement of the only N-terminus of HvPIP2;4
with that of HvPIP1;2 markedly reduced the Pf (Fig. 3A, bar 6) as
low as the negative control (Fig. 3A, bar1) or HvPIP2;4_12NC
(Fig. 3A, bar 7). This result was consistent with findings in
Zelazny et al. (2009) and Sorieul et al. (2011), in which it was
demonstrated that the N-terminus is required for the traffick-
ing of maize PIP2s to the plasma membrane. A diacidic motif
(DIE) in the N-terminus is required for several PIP2s to exit the
endoplasmic reticulum (Zelazny et al. 2009, Sorieul et al., 2011).
HvPIP2;4 also contains a DIE motif in the N-terminus (Fig. 2B).
In maize, however, the N-terminus alone was not enough for
PIP1 targeting to the plasma membrane and the C-terminus
may also be required (Zelazny et al. 2009). Our preliminary
experiments indicated that swapping of only the C-terminus
led to a small effect on the water transport activity of HvPIP2;4
(Supplementary Fig. S2). Although the effect of the C-termini

Fig. 2 Schematic structures of HvPIP1;2, HvPIP2;4 and their chimeric
forms. (A) Orange parts indicate regions derived from HvPIP1;2, and
green parts indicate regions derived from HvPIP2;4. Dark orange and
dark green sections represent the epitopic region for the anti-HvPIP1
antibody and anti-HvPIP2;4 antibody, respectively. ‘M’ in the schematic
structures indicates the position where threonine was replaced with
methionine. (B) Amino acid sequences of N- and C-termini of HvPIP1;2
andHvPIP2;4. The upper two sequences show theN-termini ofHvPIP1;2
andHvPIP2;4. Regions to be swapped are indicated in bold. The epitopic
region is shown in red. The lower two sequences show the C-termini
of HvPIP1;2 and HvPIP2;4. Regions to be swapped are indicated in bold.
The epitopic region is shown in green. The asterisk indicates the
position where threonine was replaced with methionine in mutants
HvPIP1;2T238M or HvPIP2;4T229M.

Fig. 3 Osmotic water permeability coefficient (Pf) values of oocytes
expressing HvPIP1;2-, HvPIP2;4-, HvPIP1;2- or HvPIP2;4-derived
mutants. (A) Oocytes were injected with water, 10 ng of HvPIP1;2, or
its derivative cRNA, and 2 ng of HvPIP2;4 or its derivative cRNA to
measure Pf (A). Each bar shows the mean (n ¼ 7–10) ± SD. Different
lowercase letters indicate significant differences at P < 0.05 (B).
Localization of HvPIP2;4_12NC (a) and HvPIP1;2_24NC (b). For fluor-
escencemicroscopic images, oocyteswere injectedwith 50 ngof cRNAs.
Oocytes injected with cRNA containing the N-terminus of HvPIP1;2
were fixed and incubated with anti-HvPIP1s antibody, followed by visu-
alization with Alexa Fluor 647-conjugated secondary antibody (a).
Similarly, oocytes injected with cRNA containing the C-terminus of
HvPIP2;4 were fixed and incubated with anti-HvPIP2;4 antibody, fol-
lowed by visualization with Alexa Fluor 488-conjugated secondary anti-
body (b).
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is not completely clear, we focused mainly on HvPIP1;2_24NC, a
chimeric HvPIP1;2 harboring both the N- and C-termini of
HvPIP2;4. Of note, HvPIP1;2_24NC was detected in the plasma
membrane (Fig. 3B-b) but showed no water transport activity
(Fig. 3A, bars 1–4). Co-expression of HvPIP1;2 and
HvPIP2;4_12NC showed no increase in Pf (Supplementary
Fig. S3, bar 7) because both protein lacked HvPIP2’s N- and
C-termini. It has been reported that the ER export signal in PIP2
N-terminal domains is essential for the plasma membrane lo-
calization of PIP proteins. Co-expression of HvPIP1;2_24NC and
HvPIP2;4 showed the same Pf to co-expression of HvPIP1;2 and
HvPIP2;4 (Supplementary Fig. S3, bars 6 and 8). Co-expression

of HvPIP1;2_24NC with HvPIP2;4TM_12NC (Fig. 4B, bar 10)
induced high Pf. This result indicated that the middle part of
PIP2 protein (except for the N- and C-termini) was required for
PIP1;2 functionality as a water channel.

The T229M mutation in HvPIP2;4 abolished water transport
activity (Fig. 1A, bars 4 and 5). Although co-expression of
ZmPIP1;2 with the inactive ZmPIP2;5GWmutant, where glycine
104 in loopB was replaced with tryptophan, did not increase Pf
because of a misfolding and/or misrouting of ZmPIP2;5GW
(Fetter et al. 2004), the T229M mutation in loopE of HvPIP2;4
in the present study had no significant effect on the relocation
of HvPIP1;2 and the induction of HvPIP1;2 functionality as a

Fig. 4. Plasma membrane localization of PIPs and Pf values of oocytes co-expressing HvPIP1;2- and HvPIP2;4-derived mutants. (A) For fluorescence
microscopic images, an oocyte was co-injected with 25 ng of HvPIP1;2þ 25 ng of HvPIP2;4 cRNAs (a, b), or with 25 ng of HvPIP1;2_24NCþ 25 ng of
HvPIP2;4_12NC cRNAs (c, d). Fixedoocyteswere incubated simultaneouslywith anti-HvPIP1s and anti-HvPIP2;4 antibodies, followedby visualization
with Alexa Fluor 647-conjugated secondary antibody (647-SA) and Alexa Fluor 488-conjugated secondary antibody (488-SA), respectively. The
green and red images were obtained from one sample for (a) and (b) and another one for (c) and (d). (B) Oocytes were injected with water, 10 ng of
HvPIP1;2 or its derivative cRNA, or 2 ng of HvPIP2;4 or its derivative cRNA to measure Pf. Each bar shows the mean (n ¼ 6–10) ± SD. Different
lowercase letters indicate significant differences at P< 0.05.
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water channel in the plasma membrane (Fig. 1A, bars 6 and 7,
and Fig. 4B, bars 9 and 10). This difference between
ZmPIP2;5GW and HvPIP2;4T229M may depend on the loca-
tion of amino acids in loopB or loopE. Data in the present
study provided evidence that HvPIP1;2 functions as a water
channel in the plasma membrane when it is stimulated by
the interaction with HvPIP2;4, at least in the X. laevis oocyte-
expression system. Furthermore, our results suggested
that the plasma membrane targeting of HvPIP1;2 is not the
only requirement, but an additional process, such as a con-
formational change in HvPIP1;2, stimulated by the physical
interaction with HvPIP2;4, might also be required for HvPIP1;2
functionality as a water channel in the plasma membrane.
Supporting this notion, co-expression of HvPIP1;2T238M
and HvPIP2;4 has led to showing higher water transport ac-
tivity than HvPIP2;4 alone (Fig. 1A, bars 4 and 8), indicating
the possibility that HvPIP2;4 functionality as a water channel
in the plasma membrane was stimulated by HvPIP1;2T238M,
or that protein amount of HvPIP2;4 was increased by
HvPIP1;2T238M. Enhancement of water transport activity of
HvPIP2;4 by HvPIP1;2 is consistent with the past findings, in
which PIP1s affect PIP2 proteins (Yaneff et al. 2014, Berny
et al. 2016, Jozefkowicz et al. 2016). Further study is required
to conclude whether the same mechanisms underlie the
enhancement of the water transport activity upon the
co-expression of HvPIP1s and HvPIP2s in general (Horie
et al. 2011). In addition, it is important to test whether the
same mechanisms can be applied to the co-expression of
PIP1s and PIP2s from other plant species.

In this study, we demonstrated that not only plasma
membrane targeting but also interaction with the middle
part of PIP2 protein (except for the N- and C-termini) are
essential for PIP1 functionality as a water channel. Although
molecular mechanisms of interaction between PIP1 and PIP2
have been investigated (Berny 2016, Vajpai et al. 2018),
further study is needed to determine the more detailed
mechanisms of interaction between PIP1 and PIP2 proteins
in planta.

Materials and Methods

Gene constructs for chimeric HvPIP proteins
Barley PIP genes were isolated and analyzed as described previously (Horie et al.
2011). The coding regions of HvPIP cDNAs were subcloned into the pXβGev1
oocyte-expression vector between 50- and 30-UTR sequences of the Xenopus
globin gene.

Point mutation constructs, HvPIP2;4T229M and HvPIP1;2T238M, were
achieved using one-step site-directed and site-saturation mutagenesis protocols
described previously (Zheng et al. 2004).

For chimeric proteins used in this study, the BamHI site in N-terminus in
HvPIP1;2 or HvPIP2;4 was introduced by the one-step mutagenesis to generate
N-terminus BamHI mutants. Because the pXβGev1 vector has one BamHI site
after 30-UTR of the Xenopus globin sequence, digestion of BamHI-introduced
HvPIPs in pXβGev1 with BamH1 resulted in two DNA fragments. HvPIP1;2_24N
was obtained as follows: (i) two fragments, HvPIP1:2 lacking N-terminus and
pXβGev1 with N-terminus of HvPIP2;4, were isolated and ligated and then (ii)
the BamHI mutation in the N-terminus was recovered by the one-step muta-
genesis. HvPIP2:4_12N was obtained in the same way. HvPIP1:2_24NC was

generated by the exchanges of a C-terminus of HvPIP2:4_12N and a C-terminus
of HvPIP1;2with BamH1mutations in the C-terminus. BamHI site in C-terminus
was generated as the generation of BamHI site in N-terminus. HvPIP2:4_12NC
was obtained in the same way. HvPIP1;2_24N and HvPIP2:4_12N were used as
templates to generate HvPIP1;2TM_24N and HvPIP2:4TM_12NC, respectively,
following the same strategy that was applied to the preparation of
HvPIP2;4T229M and HvPIP1;2T238M as mentioned above. Primers used in the
present study are listed in Supplementary Table S1.

HvPIP expression in X. laevis oocytes
Oocytes were isolated from adult female X. laevis frogs and maintained as
described previously (Katsuhara et al. 2002). Oocytes were injected with 50 nl
of a capped cRNA solution containing the designated amount of cRNA, 0.5–
50 ng for water channel assays or 25 or 50 ng for immunochemical methods. As a
negative control, water-injected oocytes were used in all experiments. Capped
cRNA was synthesized using an mMESSAGE mMACHINE T3 in vitro transcrip-
tion kit (Ambion, Austin, TX, USA) after the linearization of pXβGev1-based
constructs with an appropriate nuclease.

Immunofluorescence microscopy
Oocytes were injected with 50 ng cRNAs, incubated for 24 h at 18�C and then
fixed with 4% (w/v) formaldehyde solution (pH 7.4) overnight. Fixed samples
were embedded in 4% agarose. Micro-sliced (50 μm thick) samples were treated
with blocking solution (50mM Tris, pH 8.0, 150mM NaCl, 0.1% Tween 20, 3%
BSA) for 1 h at 25�C. After blocking, anti-HvPIP1s rat antibody (Horie et al. 2011)
and/or anti-HvPIP2;4 rabbit antibody (generated against the synthetic peptide
TKFGSSASFGSR, Medical & Biological Laboratories, Japan) or anti-HvPIP2;1 rab-
bit antibody (Katsuhara et al. 2002) were applied to samples for 1 h at 25�C, they
were washed three times and, then, secondary antibodies [anti-rat IgG goat
antibody conjugated with Alexa 647 (Invitrogen, Carlsbad, CA, USA) and/or
anti-rabbit IgG goat antibody conjugated with Alexa 488 (Invitrogen)], were
added, with incubation for another hour. After being washed twice with TBS-T
(Tris-Buffered Saline with Tween20; 50mM Tris, pH 8.0, 150mM NaCl, 0.1%
Tween 20) and once with TBS (Tris-Buffered Saline; 50mM Tris, pH 8.0, 150mM
NaCl), samples were analyzed under a fluorescence microscope (BZ-8000,
Keyence, Japan).

Water transport activity assay in X. laevis oocytes
Oocytes were subjected to a swelling assay to measure Pf in accordance with the
procedures described previously (Katsuhara et al. 2002). Biological replication
included the testing of different oocytes from different batches harvested from
different frogs and was two or three; the representative result from one oocyte
batch from each experiment is included in figures.

Statistics
Statistical analyses were performed using IBM SPSS Statistics Desktop for Japan.
Significant differences were identified by a one-way analysis of variance followed
by Tukey HSD (P< 0.05).

Supplementary Data

Supplementary data are available at PCP online.

Funding

Ohara Foundation for Agricultural Science (to M.S. and M.K.)
and a grant from the Program for Promotion of Basic Research
Activities for Innovative Biosciences (to M.K.).

Acknowledgments

We wish to acknowledge the technical assistance of Ms. S.
Sasano and helpful discussions with Dr. T. Kaneko.

Plant Cell Physiol. 62(1): 92–99 (2021) doi:10.1093/pcp/pcaa142

97

D
ow

nloaded from
 https://academ

ic.oup.com
/pcp/article/62/1/92/5969084 by guest on 09 April 2024

https://academic.oup.com/pcp/article-lookup/doi/10.1093/pcp/pcaa142#supplementary-data
https://academic.oup.com/pcp/article-lookup/doi/10.1093/pcp/pcaa142#supplementary-data
https://academic.oup.com/


Disclosures

The authors have no conflicts of interest to declare.

References

Alexandersson, E., Fraysse, L., Sj€ovall-Larsen, S., Gustavsson, S., Fellert, M.,
Karlsson, M., et al. (2005) Whole gene family expression and drought
stress regulation of aquaporins. Plant Mol. Biol. 59: 469–484.

Bellati, J., Alleva, K., Soto, G., Vitali, V., Jozefkowicz, C. and Amodeo, G. (2010)
Intracellular pH sensing is altered by plasma membrane PIP aquaporin
co-expression. Plant Mol. Biol. 74: 105–118.

Berny,M.C., Gilis, D., Rooman,M. and Chaumont, F. (2016) Singlemutations
in the transmembrane domains of maize plasma membrane aquaporins
affect the activity of monomers within a heterotetramer. Mol. Plant
9: 986–1003.

Bienert, G.P., Moller, A.L., Kristiansen, K.A., Schulz, A., Moller, I.M.,
Schjoerring, J.K., et al. (2007) Specific aquaporins facilitate the diffusion
of hydrogen peroxide across membranes. J. Biol. Chem. 282: 1183–1192.

Byrt, C.S., Zhao, M., Kourghi, M., Bose, J., Henderson, S.W., Qiu, J., et al. (2017)
Non-selective cation channel activity of aquaporin AtPIP2;1 regulated
by Ca2þ and pH. Plant Cell Environ. 40: 802–815.

Chaumont, F., Barrieu, F., Wojcik, E., Chrispeels, M.J. and Jung, R. (2001)
Aquaporins constitute a large and highly divergent protein family in
maize. Plant Physiol. 125: 1206–1215.

Chaumont, F. and Tyerman, S.D. (2017) Plant Aquaporins: From Transport
to Signaling. Springer, Heidelberg.

Dordas, C., Chrispeels, M.J. and Brown, P.H. (2000) Permeability and
channel-mediated transport of boric acid across membrane vesicles
isolated from squash roots. Plant Physiol. 124: 1349–1362.

Fetter, K., Van Wilder, V., Moshelion, M. and Chaumont, F. (2004)
Interactions between plasma membrane aquaporins modulate their
water channel activity. Plant Cell 16: 215–228.

Gaspar, M., Bousser, A., Sissoeff, I., Roche, O., Hoarau, J. and Mahe, A. (2003)
Diurnal regulation of water transport and aquaporin gene expression in
maize roots: contribution of PIP2 proteins. Plant Sci. 165: 21–31.

Horie, T., Kaneko, T., Sugimoto, G., Sasano, S., Panda, S.K., Shibasaka, M., et al.
(2011) Mechanisms of water transport mediated by PIP aquaporins and
their regulations via phosphorylation events under salinity stress in bar-
ley roots. Plant Cell Physiol. 52: 663–675.

Javot, H. andMaurel, C. (2002) The role of aquaporins in root water uptake.
Ann. Bot. 90: 301–313.

Jozefkowicz, C., Sigaut, L., Scochera, F., Soto, G., Ayub, N., Pietrasanta, L.I., et
al. (2016) PIP water transport and its pH dependence are regulated by
tetramer stoichiometry. Biophys. J. 110: 1312–1321.

Jung, J.S., Preston, G.M., Smith, B.L., Guggino, W.B. and Agre, P. (1994)
Molecular structure of the water channel through aquaporin CHIP. J.
Biol. Chem. 269: 14648–14654.

Kammerloher, W., Fischer, U., Piechottka, G.P. and Sch€affner, A.R.
(1994) Water channels in the plant plasma membrane cloned
by immunoselection from a mammalian expression system. Plant J.
6: 187–199.

Katsuhara, M., Akiyama, Y., Koshio, K., Shibasaka, M. and Kasamo, K. (2002)
Functional analysis of water channels in barley roots. Plant Cell Physiol.
43: 885–893.

Katsuhara, M., Hanba, T.Y., Shiratake, K. and Maeshima, M. (2008)
Expanding roles of plant aquaporins in plasma membranes and cell
organelles. Funct. Plant Biol. 35: 1–14.

Li, D.D., Wu, Y.J., Ruan, X.M., Li, B., Zhu, L., Wang, H., et al. (2009)
Expressions of three cotton genes encoding the PIP proteins are
regulated in root development and in response to stresses. Plant
Cell Rep. 28: 291–300.

Ma, J.F., Tamai, K., Yamaji, N., Mitani, N., Konishi, S., Katsuhara, M., et al.
(2006) A silicon transporter in rice. Nature 440: 688–691.

Ma, J.F., Yamaji, N., Mitani, N., Xu, X.Y., Su, Y.H., McGrath, S.P.,
et al. (2008) Transporters of arsenite in rice and their role in
arsenic accumulation in rice grain. Proc. Natl. Acad. Sci. USA
105: 9931–9935.

Mahdieh, M., Mostajeran, A., Horie, T. and Katsuhara, M. (2008) Drought
stress alters water relations and expression of PIP-type aquaporin genes
in Nicotiana tabacum plants. Plant Cell Physiol. 49: 801–813.

Matsumoto, T., Lian, H.L., Su, W.A., Tanaka, D., Liu, C., Iwasaki, I., et al. (2009)
Role of the aquaporin PIP1 subfamily in the chilling tolerance of rice.
Plant Cell Physiol. 50: 216–229.

Maurel, C., Boursiac, Y., Luu, D.-T., Santoni, V., Shahzad, Z. and Verdoucq, L.
(2015) Aquaporins in plants. Physiol. Rev. 95: 1321–1358.

Mongrand, S., Morel, J., Laroche, J., Claverol, S., Carde, J.-P., Hartmann, M.-A.,
et al. (2004) Lipid rafts in higher plant cells: PURIFICATION
AND CHARACTERIZATION OF TRITON X-100-INSOLUBLE
MICRODOMAINS FROM TOBACCO PLASMA MEMBRANE. J. Biol.
Chem. 279: 36277–36286.

Moshelion, M., Becker, D., Biela, A., Uehlein, N., Hedrich, R., Otto, B., et
al. (2002) Plasma membrane aquaporins in the motor cells of
Samanea saman: diurnal and circadian regulation. Plant Cell
14: 727–739.

Mori, I.C., Rhee, J., Shibasaka, M., Sasano, S., Kaneko, K., Horie, T., et al. (2014)
CO2 transport by PIP2 aquaporins of barley. Plant Cell Physiol.
55: 251–257.

Otto, B., Uehlein, N., Sdorra, S., Fischer, M., Ayaz, M., Belastegui-Macadam,
X., et al. (2010) Aquaporin tetramer composition modifies the function
of tobacco aquaporins. J. Biol. Chem. 285: 31253–31260.

Rhee, J., Horie, T., Sasano, S., Nakahara, Y. and Katsuhara, M. (2017)
Identification of an H2O2 permeable PIP aquaporin in barley
and a serine residue promoting H2O2 transport. Physiol. Plant.
159: 120–128.

Sakurai, J., Ishikawa, F., Yamaguchi, T., Uemura, M. andMaeshima, M. (2005)
Identification of 33 rice aquaporin genes and analysis of their expression
and function. Plant Cell Physiol. 46: 1568–1577.

Sorieul, M., Santoni, V., Maurel, C. and Luu, D.T. (2011) Mechanisms and
effects of retention of over-expressed aquaporin AtPIP2;1 in the endo-
plasmic reticulum. Traffic 12: 473–482.

Suga, S. and Maeshima, M. (2004) Water channel activity of radish
plasma membrane aquaporins heterologously expressed in yeast and
their modification by site-directed mutagenesis. Plant Cell Physiol.
45: 823–830.

Takano, J., Wada, M., Ludewig, U., Schaaf, G., von Wiren, N. and Fujiwara, T.
(2006) The Arabidopsis major intrinsic protein NIP5;1 is essential for
efficient boron uptake and plant development under boron limitation.
Plant Cell 18: 1498–1509.

Temmei, Y., Uchida, S., Hoshino, D., Kanzaw, N., Kuwahara, M., Sasaki, S., et
al. (2005) Water channel activities of Mimosa pudica plasma membrane
intrinsic proteins are regulated by direct interaction and phosphoryl-
ation. FEBS Lett. 579: 4417–4422.

Tournaire-Roux, C., Sutka, M., Javot, H., Gout, E., Gerbeau, P., Luu, D.T., et al.
(2003) Cytosolic pH regulates root water transport during anoxic stress
through gating of aquaporins. Nature 425: 393–397.

Tyerman, S.D., Bohnert, H.J., Maurel, C., Steudle, E. and Smith, J.A. (1999)
Plant aquaporins: their molecular biology, biophysics and significance
for plant water relations. J. Exp. Bot. 50: 1055–1071.

Tyerman, S.D., Niemietz, C.M. and Bramley, H. (2002) Plant aquaporins:
multifunctional water and solute channels with expanding roles. Plant
Cell Environ. 25: 173–194.

Uehlein, N., Lovisolo, C., Siefritz, F. and Kaldenhoff, R. (2003) The tobacco
aquaporin NtAQP1 is a membrane CO2 pore with physiological func-
tions. Nature 425: 734–737.

Vajpai, M., Mukherjee, M. and Sankararamakrishnan, R. (2018)
Cooperativity in plant plasma membrane intrinsic proteins (PIPs):
mechanism of increased water transport in maize PIP1 channels in
hetero-tetramers. Sci. Rep. 8: 12055.

M. Shibasaka et al. j Activation mechanisms of PIP aquaporins

98

D
ow

nloaded from
 https://academ

ic.oup.com
/pcp/article/62/1/92/5969084 by guest on 09 April 2024

https://academic.oup.com/


Vandeleur, R.K., Mayo, G., Shelden, M.C., Gilliham, M., Kaiser, B.N. and
Tyerman, S.D. (2009) The role of plasma membrane intrinsic protein
aquaporins in water transport through roots: diurnal and drought stress
responses reveal different strategies between isohydric and anisohydric
cultivars of grapevine. Plant Physiol. 149: 445–460.

Yamada, S., Katsuhara, M., Kelly, W.B., Michalowski, C.B. and Bohnert, H.J.
(1995) A family of transcripts encoding water channel proteins:
tissue-specific expression in the common ice plant. Plant Cell 7: 1129–1142.

Yaneff, A., Sigaut, L., Marquez, M., Alleva, K., Pietrasanta, L.I. and Amodeo, G.
(2014) Heteromerization of PIP aquaporins affects their intrinsic perme-
ability. Proc. Natl. Acad. Sci. USA 111: 231–236.

Zelazny, E., Borst, J.W., Muylaert, M., Batoko, H., Hemminga, M.A. and
Chaumont, F. (2007) FRET imaging in living maize cells reveals that
plasma membrane aquaporins interact to regulate their subcellular lo-
calization. Proc. Natl. Acad. Sci. USA 104: 12359–12364.

Zelazny, E., Miecielica, U., Borst, J.W., Hemminga, M.A. and Chaumont, F.
(2009) An N-terminal diacidic motif is required for the trafficking of maize
aquaporins ZmPIP2;4 and ZmPIP2;5 to the plasma membrane. Plant J.
57: 346–355.

Zheng, L., Baumann, L. and Reymond, J.L. (2004) An efficient one-step
site-directed and site-saturation mutagenesis protocol. Nucl. Acids Res.
32: e115–e115.

Plant Cell Physiol. 62(1): 92–99 (2021) doi:10.1093/pcp/pcaa142

99

D
ow

nloaded from
 https://academ

ic.oup.com
/pcp/article/62/1/92/5969084 by guest on 09 April 2024

https://academic.oup.com/

