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Abstract The discovery of plasma membrane intrinsic protein (PIP)
heterotetramerization has opened a new field of research. This phenomenon was
first observed between PIPs belonging to two phylogenetic groups (PIP1 and PIP2)
with ubiquitous expression in different plant tissues. These isoforms present few
differences in their primary sequence but show major differences in their functional-
ity when expressed in heterologous systems.

Many reports in recent years shed light on the PIP1 and PIP2 interaction as a
regulatory mechanism to modulate their trafficking and biological activity. In this
regard, PIP heterotetramerization has been proposed as a way of achieving a diver-
sification in the water transport capacity and in the control of net solute transport.
Also, acidification conditions were shown to act as a mechanism to control the
opening and blockage of these channels in native tissues, and their proton-dependent
gating can be affected depending on the presence of PIP2 homotetramers or PIP1-
PIP2 heterotetramers in the target membrane.

In the present chapter, we report the state-of-the-art knowledge about PIP het-
erotetramerization in the context of protein oligomerization. We emphasize the
main experiments that help to understand the existence of some relevant structural
elements involved in PIP oligomerization and the conditions necessary for these
hetero-oligomers to occur in the cell.
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1 Agquaporin Hetero-oligomerization

Protein-protein interactions play diverse roles in biology, and, in particular, protein
multimerization confers many different functional advantages such us diversifying
cellular signalling transduction, modulation of biological activity by protein confor-
mational changes, functional diversity and increases in protein stability.
Multimerization is common among proteins that generally exist in a crowded envi-
ronment where many potential binding partners with different surface properties are
available. Nooren and Thornton (2003) point out that the specificity for protein-
protein interaction derives mainly from the complementarity of shape and chemistry
that determine the free energy of binding, but the protein localization also has a role
to play. Interestingly, despite the fact that there are many protein-protein interactions
between proteins from different families, interactions are also frequent between pro-
teins belonging to the same family. Many proteins are very specific in their choice of
partner, assembling as homo- or hetero-oligomers. In the case of homo-oligomers,
protein interaction occurs between identical protein chains, while, in the case of
hetero-oligomers, the interaction occurs between non-identical protein chains.

Aquaporins are integral membrane proteins that allow the transport of water and
non-charged solutes. All aquaporins have six transmembrane helices and N- and
C-termini located intracellularly. Despite the fact that each aquaporin monomer
forms a channel with its own pore, they have been shown to adopt a quaternary
structure organizing mainly as tetrameric homo-oligomers in membranes (see chap-
ter “Structural Basis of the Permeation Function of Plant Aquaporins™). Many mam-
mal aquaporin structures have been resolved, as is the case of AQP1 (Walz et al.
1994; Murata et al. 2000; Sui et al. 2001; Ruiz Carrillo et al. 2014), AQPO (Gonen
et al. 2004; Harries et al. 2004; Palanivelu et al. 2006; Hite et al. 2010), AQP2 (Frick
et al. 2014), AQP4 (Ho et al. 2009) and AQP5 (Horsefield et al. 2008). The tetra-
meric arrangement was first observed for plant AQPs by cryoelectron microscopy of
two-dimensional crystals for o-TIP (TIP, tonoplast intrinsic protein) from bean
(Daniels et al. 1999) and SoPIP2;1 (PIP, plasma membrane intrinsic protein) from
spinach (Kukulski et al. 2005). Later, SoPIP2;1 structure was resolved by X-ray
crystallography of 3D crystals in an open conformation to 3.9 A resolution and in a
close conformation to 2.1 A (Tornroth-Horsefield et al. 2006). More recently, the
structure of an ammonia-permeable TIP aquaporin (AtTIP1;2) from Arabidopsis
thaliana was obtained at 1.8 A resolution (Kirscht et al. 2016).

All of the resolved structures correspond to homotetrameric assemblies despite
hetero-oligomerization having been described for some family members. Among
non-plant aquaporins, some cases of hetero-oligomerization have been reported.
For example, a mutated AQP2 is able to form a hetero-oligomer with the wild-
type form of AQP2 (Sohara et al. 2006). Also, hetero-oligomerization was
reported for AQP1, where a non-functional AQP1 mutated in the loop B or E
forms mixed oligomers with a truncated AQP1 mutant (D237Z) (Jung et al. 1994).
A striking example of hetero-oligomerization among mammal aquaporins is the
case of AQP4. This protein exists in two splicing variants, AQP4M]1, starting with
Metl, and AQP4M?23, starting with Met23, which can assemble in the plasma
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membrane as heterotetramers (Lu et al. 1996; Neely et al. 1999). Interestingly,
AQP4M23 homotetramers alone or together with AQP4M23-AQP4M1 heterotet-
ramers can aggregate into supramolecular structures known as orthogonal arrays
(OAPs) (Rash et al. 1998; Sorbo et al. 2008; Rossi et al. 2012). It is not clear what
is the precise function of this kind of AQP clustering, but the predominant local-
ization of OAPs in cells facing a basal lamina and the type of molecules that
interacts with these aggregates of AQP4 suggest that this channel arrangement
may be involved in establishing and maintaining cell polarity (Wolburg et al.
2011). Interestingly, the difference in the ability to form OAPs between AQP4M23
and AQP4M1 seems to be due to a specific amino acid sequence located in the
native N-terminus (Hiroaki et al. 2006).

In contrast to the reported cases of hetero-oligomerization of mammal aquapo-
rins, where the assembly was obtained by the interaction of different aquaporin
splicing variants or between a wild-type AQP and its mutated versions, plant PIP
aquaporins have the particularity of forming hetero-oligomers that include different
PIP isoforms.

It has been described that proteins that are part of complexes tend to evolve at a
relatively slow rate in order to improve the co-evolution with their interacting part-
ners (Mintseris and Weng 2005). Interestingly, the molecular phylogenetic profiling
of AQPs from nine genomes of flowering plants has shown that the PIP subfamily
has a low evolutionary rate (Soto et al. 2012); this high evolutionary constraint may
be due to a functional constraint related to the physical interaction that occurs
between different members of the PIP subfamily. In the following sections, the state-
of-the-art knowledge of PIP heterotetramerization will be presented and discussed.

2 Plant Plasma Membrane Intrinsic Proteins (PIP):
The Paradigmatic Case for Hetero-oligomerization
of Aquaporins

The first step in the study of the biological activity of PIP aquaporins consists in water
transport assays by expressing them in a heterologous system such as Xenopus laevis
oocytes (Preston et al. 1992). Intriguingly, while PIP isoforms belonging to the PIP2
group are able to reach the oocyte plasma membrane as functional oligomers to
increase the osmotic water permeability coefficient (P;) of the membrane, most PIP1
isoforms do not (Fetter et al. 2004; Sakurai et al. 2005; Bellati et al. 2010). Only a few
cases of functional PIP1 facilitating water diffusion when expressed alone in oocytes
have been reported (Tournaire-Roux et al. 2003; Suga and Maeshima 2004; Zhang
et al. 2007). The lack of water transport activity when PIP1 cRNA is injected into the
oocytes was first interpreted as PIP1 being inactive or having very low water perme-
ability (Daniels et al. 1994; Yamada et al. 1995; Weig 1997; Johansson et al. 1998;
Biela et al. 1999; Chaumont et al. 2000; Marin-Olivier et al. 2000; Moshelion et al.
2002). However later on, it was demonstrated that most PIP1 proteins fail in reaching
the oocyte plasma membrane but are retained in intracellular compartments (Fetter
et al. 2004; Bienert et al. 2012; Jozefkowicz et al. 2013; Yaneff et al. 2014).
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Interestingly, Fetter and co-workers (2004) showed that if maize ZmPIP1;2 is co-
expressed with ZmPIP2;1, ZmPIP2;4 or ZmPIP2;5, an increase in P, which is depen-
dent on the amount of ZmPIP1;2 cRNA injected, is observed compared to the P of
oocytes injected with ZmPIP2;5 cRNA alone (Fetter et al. 2004). Moreover, confocal
microscopy analysis of oocytes expressing ZmPIP1;2-GFP alone or ZmPIP1;2-GFP
plus ZmPIP2;5 showed that the amount of ZmPIP1;2-GFP present in the plasma
membrane is significantly higher in co-expressing cells. A physical interaction was
proposed to explain these results. Nickel affinity chromatography purification of
ZmPIP2;1 fused to a histidine tag leads to the co-elution of ZmPIP1;2-GFP demon-
strating the physical interaction of both channels. Also, immunoprecipitation experi-
ments provided additional evidence for the association of ZmPIP1;2 and ZmPIP2;1
in vivo in maize roots and in suspension cells in the absence of any PIP overexpres-
sion. Finally and importantly, when co-expressed in maize protoplasts with ZmPIP2,
ZmPIP1 proteins, which are retained in the endoplasmic reticulum (ER) when
expressed alone, are re-localized to the plasma membrane (Zelazny et al. 2007).

All of these data demonstrated for the first time that some PIP1 requires a PIP2
partner to reach the plasma membrane. Thus, PIP1-PIP2 interaction is relevant for
trafficking and re-localization of PIP1 proteins to the plasma membrane as a conse-
quence of their physical interaction with some PIP2s. A similar conclusion was later
drawn in epidermal cells of transgenic Arabidopsis roots (Sorieul et al. 2011). So,
as a consequence of the physical interaction with PIP2 proteins, PIP1s are correctly
targeted to the plasma membrane; otherwise, these PIP1s remain retained in the
ER. The observation that PIP1 plasma membrane localization relies on the con-
comitant presence of PIP2s was extended to many PIP2/PIP1 pairs from several
plant species and has been observed in plants, oocytes and yeast expression systems
(Zelazny et al. 2007; Mahdieh et al. 2008; Vandeleur et al. 2009; Alleva et al. 2010;
Bellati et al. 2010; Otto et al. 2010; Ayadi et al. 2011; Bienert et al. 2012).

Though most PIP1-PIP2 pairs studied can functionally interact (the oocyte P,
increases when they are co-expressed) by physical interaction (contacts between
both channels that promote PIP1 re-localization), it is worth mentioning that there
are some exceptions. For instance, the co-expression of ZmPIP1;1 with ZmPIP2;5
does not result in a Py increase greater than the P, measured after the expression of
ZmPIP2;5 alone, indicating that ZmPIP1;1 does not functionally interact with
ZmPIP2;5 in Xenopus oocytes (Fetter et al. 2004). Also, BvPIP2;1 is not able to
functionally interact with BvPIP1;1 (Jozefkowicz et al. 2013). Additionally, in this
subset of noninteracting plant aquaporins should be included the pairs OsPIP2;3/
OsPIP1;3 (Matsumoto et al. 2009) and PvPIP2;3/PvPIP1;1 (Zhou et al. 2007).
While in most cases it is still not clear which are the structural differences between
these noninteracting PIP1 and PIP2 pairs and the interacting pairs, in the case of
BvPIP2;1, it was shown that the first extracellular loop (named loop A) could be
responsible for the lack of interaction with BvPIP1;1 (Jozefkowicz et al. 2013).
Furthermore, while the finding of PIP2 and PIP1 forming hetero-oligomeric assem-
blies has been prevalent, hetero-oligomerization between different PIP2 and differ-
ent PIP1 isoforms has also been demonstrated, such as ZmPIP2;6 with ZmPIP2;1
(Cavez et al. 2009) and ZmPIP1;1 with ZmPIP1;2 (Fetter et al. 2004).
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Interestingly, the amino acid identity between the PIP1 and PIP2 isoforms is
quite high (~80 %), with the main differences located at the C- and N-terminal
domains and the loop A. However, this high percentage identity between paralogues
is not due to the recent emergence of them, since PIP1 and PIP2 subfamilies sepa-
rated long before the divergence of monocots and dicots occurred; indeed, PIPs
representative of the PIP1 and PIP2 groups are found in the moss Physcomitrella
patens (Danielson and Johanson 2010). The high identity between PIPs can be due
to a high evolutionary and functional constraint of this subfamily (Soto et al. 2012).

3 Structure-Function Relationships in PIP
Hetero-oligomerization

The precise way in which PIP1 and PIP2 interact is not yet fully elucidated, but
strong experimental evidence is emerging and shedding light on this issue. The
results obtained by the co-expression of the PIP1 and PIP2 channels, obtained in the
first research stages on this topic, were compatible with protein complexes formed
either by interactions between different PIP homotetramers or by interactions
between different PIP monomers organized within an heterotetramer. Over the years
the terms ‘hetero-oligomer’ and ‘heterotetramer’ were both used in the research
literature, and many times they were even taken as synonymous. Recently, some
experimental data indicated that PIP1 and PIP2 co-assemble in heterotetramers (dif-
ferent monomers interacting within the same tetramer). Still, even though the high
sequence identity among all the PIP clusters explains the possibility that PIP1 and
PIP2 assemble together into the same tetramer, as if they were almost ‘identical’
molecules, not all of the PIP1-PIP2 pairs follow this behaviour. Indeed, site-directed
mutagenesis experiments together with crystallography and molecular modelling
revealed the existence of some crucial structural elements involved in PIP oligomer-
ization that can also control hetero-oligomerization.

3.1 LoopA

The prevalent role of the loops in protein function is due to their flexibility and
location on the surface of the protein. Besides their role in protein function, intra-
and extracellular loops are also important as structural elements mediating protein
interactions, especially in membrane proteins. In particular, for PIP aquaporin
oligomers, the first extracellular loop A has been reported as mediating the interac-
tions between different monomers within a tetramer. Indeed, a highly conserved
cysteine residue and the hinge connecting the first transmembrane domain (TM1) to
the loop A have a relevant role in tetrameric organization (Bienert et al. 2012;
Jozefkowicz et al. 2013). Early observations by Barone and co-workers (1998) pro-
vided experimental evidence that Beta vulgaris PIP dimers are connected by a
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disulphide bridge. In the SoPIP2;l tetrameric structure, the position of the
C-terminus of helix 1 and the N-terminus of helix 2 orients the loop A towards the
fourfold centre of the tetramer (Kukulski et al. 2005). In this configuration, the near-
ness of the four-loop A cysteines suggested the formation of a disulphide bond
between two monomers (Kukulski et al. 2005). In accordance with these data,
molecular dynamic simulation (MDS) of BvPIP2;1 also showed that the position of
loop A is oriented towards the centre of the tetramer, with each of the four loops A
being flexible parts of the monomers but having a different solvation pattern and
different movement along the MDS (Jozefkowicz et al. 2013).

The demonstration of the existence of a disulphide bond linking the loops A of
two monomers was conducted by Bienert et al. (2012) and showed that this disul-
phide bond is not an artefact of the sample preparation but that they occurred in
plant cells. Interestingly, mutation of the loop A cysteine residue does not alter the
water channel activity of PIP1 or PIP2 in homo- or heterotetramers,
hetero-oligomerization or trafficking to the plasma membrane but does modify its
mercury sensitivity (Bienert et al. 2012). Incubation of oocytes expressing ZmPIP2;5
alone with HgCl,, a well-known aquaporin inhibitor, leads to a decrease in the Py
However, the P;of oocytes co-expressing ZmPIP1;2Cys85Ser and WT ZmPIP2;5 or
ZmPIP2;5Cys75Ser is not inhibited in response to HgCl, treatment, indicating that
when ZmPIP2;5 is co-expressed with ZmPIP1;2Cys85Ser, ZmPIP2;5 becomes
Hg?* insensitive. This data suggests that the loop A cysteine of ZmPIP1;2 is involved
in the mercury sensitivity of hetero-oligomers and indicates that the conformational
arrangement of the PIP2 monomers in the PIP1-PIP2 hetero-oligomers is different
from that in the PIP2 homo-oligomers (Bienert et al. 2012). These data point to the
potential functional and conformational interaction between PIP1 and PIP2 in
hetero-oligomer complexes mediated by the loop A structure (Bienert et al. 2012).
The presence of a disulphide bridge could affect the stability of the tetramers in
some conditions, but this process needs to be investigated in more detail. The results
obtained for BvPIP2;1, a PIP2 unable to interact with BVvPIP1;1 and presenting non-
conserved amino acid residues in the N-terminus of the loop A, are in accordance
with this hypothesis (Jozefkowicz et al. 2013). The mutation of non-conserved loop
A residues (NETD) of BvPIP2;1 promoted the recovery of its interaction with
BvPIP1;1, resembling the PIP2-PIP1 classical interaction (Jozefkowicz et al. 2013).
In agreement, Hayward and Kitaos (2010) stress the importance of the first and last
residues of the protein loops, remarking that this constraint might influence the
dynamical behaviour of the loop.

Altogether, these data are strong evidence for an important role of the loop A in
controlling the interactions between contiguous monomers in PIP homo- or
heterotetramers.

3.2 LoopE

In all aquaporins, loops B and E containing the NPA motif (asparagine, proline,
alanine) form half transmembrane helices that fold into the channel from opposite
sides of the membrane. This creates a seventh transmembrane helix, with the NPA
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motifs located at the centre of the pore (Jung et al. 1994; Murata et al. 2000;
Tornroth-Horsefield et al. 2006).

Early studies on AQP1 suggested that loop E together with loop B is not only
involved in water permeation through the pore but is also critical for the tetrameric
assembly of the channel (Jung et al. 1994; Mathai and Agre 1999). Later, a muta-
tional analysis conducted in plant aquaporins demonstrated the important role of the
C-terminal part of loop E in the interaction of PIP monomers (Fetter et al. 2004). To
explore the reason for the different behaviour of ZmPIP1;1 and ZmPIP1;2 regarding
their functional interaction with ZmPIP2;5 in Xenopus oocytes, a ZmPIP1;1 mutant
containing the loop E of ZmPIP1;2 (named ZmPIP1;1LE) was constructed (Fetter
et al. 2004). The replacement of the loop E of ZmPIP1;1 by that from ZmPIP1;2
modifies the behaviour of the protein when co-expressed with ZmPIP2;5: a positive
synergistic effect on the P, is observed, while it is absent with the WT ZmPIP1;1
(Fetter et al. 2004). The molecular explanation of this functional observation arises
from ZmPIPI;1LE MDS, which shows a different position of the loop in
ZmPIP1;1LE affecting the structure of the pore. This conformational change in loop
E is proposed to affect the structure of the semi-helix E and the TM6, which can in
turn impact the oligomerization of this protein (reviewed in Chaumont et al. 2005).
However, it was not shown whether loop E from ZmPIP1;2 is required for ZmPIP1;1
interaction with ZmPIP2;5 or only for the activation of ZmPIP1;1 water channel
activity. Similarly, exchanging the loop E of GIpF, a bacterial glycerol facilitator of
the MIP/aquaporin family, with loop E of the insect AQPcic, alters either oligomer
assembly or tetramer stability (Duchesne et al. 2002). Other evidence supporting
the involvement of the aquaporin loop E in oligomerization is the crystallographic
and molecular modelling data, showing that TMS5 participates in the interactions
between monomers within the tetramer and can affect the spatial positions of loops
B and E in AQP1 and GIpF (Ren et al. 2000; Murata et al. 2000; Fu et al. 2000;
Jensen etal. 2001). Moreover, in mammal AQPs, functional analyses of AQP0-AQP2
chimeras have demonstrated that stability of loop E is crucial for the channel activ-
ity (Kuwahara et al. 1999; Suga and Maeshima 2004).

3.3 Transmembrane Domains

In addition to the loops, the TM domains from neighbour monomers interact within
a tetramer. In AQP1, TM1 and TM2 interact with TM4 and TMS5 of an adjacent
monomer by coiled-coil interactions in a left-handed fashion (Murata et al. 2000).
This type of interaction is common to tightly pack structures, thanks to van der
Waals interactions between side chains of close residues. In addition, hydrogen
bonds between TM 1 and TM5 or between TM2 and TM4 stabilize the structure. The
role of specific TM amino acid residue in oligomerization is still unknown, but
some TM residues have been shown to turn an inactive PIP1 into an active one with-
out any co-expression in oocytes. It is the case of substitutions in the rice OsPIP1;1
and OsPIP1;3 (A103V and A102V, respectively) that allowed an increase in water
channel activity for non-functional PIP1 isoforms (Zhang et al. 2010). In this work,
the authors identified by homology modelling and mutagenesis one residue in TM2
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of OsPIP1;3 located at the interface between monomers that induced upon mutation
a change of conformation within the pore. Indeed, a change of orientation of Ile101
was caused by the substitution of Alal02 into Val and allowed the widening of the
constriction region within the pore.

Comparative modelling on the basis of SoPIP2;1 X-ray structure was used to
build heterotetramers containing ZmPIP1;2 and ZmPIP2;5 and identify amino acid
residues in the TM domains that putatively interact at the interfaces between mono-
mers (Berny et al. 2016). Mutational analysis of these residues showed single resi-
due substitution that either inactivates ZmPIP2;5 (W85A, F92A and F210A) or
activates ZmPIP1;2 (Q91L and F220A) without affecting their interaction when
express in Xenopus oocytes. Interestingly, the activating F220A mutation in TM5 of
ZmPIP1;2 inactivates, at the same time, the water channel activity of the interacting
ZmPIP2;5 within a heterotetramer (Berny et al. 2016). Altogether, these data high-
light the importance of single specific TM amino acid residues in the activity of the
channels within a heterotetramer without affecting the interaction between mono-
mers. Multiple mutations might be required to affect the oligomerization state.

4 Co-expression of PIP: A Condition for Oligomerization

The protein localization, concentration and local environment are parameters affect-
ing the interaction and controlling the composition and oligomeric state of protein
complexes (Nooren and Thornton 2003). Monomers participating in obligate inter-
actions to form oligomers are supposed to be co-expressed and to co-localize upon
synthesis. This time and space synchronization should be valid for homo-oligomers
as well as for hetero-oligomers.

The interactions between proteins which allow complex formation are usually
driven by the concentration of the components and the free energy of the complex
relative to the alternative states (Nooren and Thornton 2003). So, there are different
conditions that can control the oligomerization phenomenon, including encounter-
ing the interacting surfaces. In this regard, the association of two proteins relies on
co-localization in time and space and the adequate concentration of the interacting
proteins, where control mechanisms that alter the effective local concentration such
as gene expression, protein degradation rates or diffusion rates, among others, are
relevant. In the competition between binding partners for protein-protein interac-
tions, different factors can influence oligomerization. As PIP2 and PIP1 can
ensemble either as homotetramers or heterotetramers, different elements should be
involved in the ruling of the processes that govern each option.

PIPs are expressed in organs and tissues that present large fluxes of water, i.e.
vascular tissues, guard cells and suberized endodermis and bundle sheath cells,
among others (Gomes et al. 2009; Chaumont and Tyerman 2014). Interestingly,
there is not a homogeneous expression pattern for all PIPs, and this has been inter-
preted as a tuning mechanism by which the plant is able to adapt to different condi-
tions (Gomes et al. 2009). Nonetheless, there are several stimuli that promote a
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coordinate response in the expression of different PIPs. For example, upon water
deprivation, most Arabidopsis PIPs expressed in leaves are reported as transcrip-
tionally downregulated, with the exception of AtPIP2;6 which remains constant,
and AtPIP1;4 and AtPIP2;5 which are both induced (Alexandersson et al. 2010). A
reverse genetic study performed for AtPIPs showed that knock-out of three PIP
isoforms belonging to the PIP1 and PIP2 groups contributed individually to the
same hydraulic conductivity as the corresponding triple PIP mutant (Prado et al.
2013). Microarray studies during grape berry development showed that PIP1 and
PIP2 are expressed in the same tissues at the same time, but each one has a particu-
lar pattern of expression (Fouquet et al. 2008). All these results indicate synchroni-
zation between some PIP] and PIP2 gene expression, but the physical or functional
interactions of all the mentioned PIPs have not been studied yet.

Conversely, there are other cases for which information about both tissue expres-
sion and protein interaction in heterologous systems were recorded. For instance,
Fragaria x ananassa PIPs interact to form heterotetramers (Alleva et al. 2010;
Yaneff et al. 2014), and both PIP] and PIP2 mRNA are expressed during the whole
ripening process in fruits (Alleva et al. 2010). Interestingly, the expression of
FaPIP1 was low in the first ripening stages and later increased; while in the case of
FaPIP2, the expression was markedly high in the first stages and decreases progres-
sively until the end of ripening or remained approximately constant and low,
depending on the cultivar. This dissimilar expression pattern of FaPIP2 and FaPIP1
can be compatible with the reported random stoichiometry suggested for F. x anan-
assa PIP heterotetramers after FaPIP oocyte expression and mathematical analysis
of the results (Yaneff et al. 2014). Furthermore, information about the expression
pattern of paradigmatic interacting ZmPIPs is also available. Gene and protein
expression was studied in maize roots, leaves and stomatal complexes (Hachez et al.
2006, 2008; Heinen et al. 2014). All ZmPIP genes, except ZmPIP2;7, are expressed
in primary roots and leaves, and their expression is dependent on the developmental
stage of the organ (Hachez et al. 2006, 2008). In this regard, it was proposed that
some specific pairs of PIP1 and PIP2 have a correlation in their expression pattern
in accordance with their functional responses (Yaneff et al. 2015).

In addition to transcriptional and translational regulation, PIP localization and
stability are also highly regulated (for a review, see Hachez et al. 2013; Chevalier
and Chaumont 2015). For instance, after salt exposure to Arabidopsis roots, a
decrease in PIP1 protein abundance was observed after 30 min, while PIP2 abun-
dance remained constant even after 6 h of exposure to stress conditions. However,
PIP1and PIP2 were both reduced after 24 h of salt exposure (Boursiac et al. 2005).

All of these results indicate that, depending on the conditions, PIP1 and PIP2 can
be co- or differentially regulated, but PIP physical interaction could represent an
additional cooperative way to respond to different physiological processes or even
stresses. Indeed, all reports regarding PIP expression in different plants show that
both PIP1 and PIP2 proteins are always present together. It is the ratio between
protein (or mRNA) amounts of each group that can vary considerably between tis-
sues or cell types, certainly affecting their physiology. For instance, among all the
PIP transcripts found in maize stomatal complexes, 85 % were PIP1s (Heinen et al.
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2014). In this regard, it was empirically proven that B. vulgaris PIP1 and PIP2 can
assemble in a flexible fashion into tetramers having different stoichiometries
depending on the amount of each PIPI or PIP2 cRNA available (Jozefkowicz et al.
2016). Thus, differences in the expression levels of each paralogue condition the
existence of different PIP1 and PIP2 homotetramers or heterotetramers.

5 Biological Relevance of PIP Hetero-oligomerization

The hetero-oligomerization of membrane proteins is believed to play a fundamental
role in the regulation of cellular function. Oligomerization can increase protein sta-
bility, and in particular hetero-oligomerization may allow the diversification of bio-
logical activity. In this regard, it was postulated that protein-protein interactions
may have evolved to optimize functional efficacy (Nooren and Thornton 2003).
However, it is also possible that an interaction with no functional reason evolved,
and this interaction survives due to the absence of selective pressure to be rejected
from the evolutionary path. Often, the functional rationale of oligomerization is not
clear, and a happenstance of oligomerization can be supposed (Nooren and Thornton
2003). However, in the case of PIP1-PIP2 hetero-oligomerization, this kind of
supramolecular assembly plays an important role in the subcellular PIP1 localiza-
tion and modulates the cell membrane hydraulic conductivity (Fig. 1).

»
>

Fig. 1 PIP heterotetramerization in the plant cell. Scheme of a plant cell where the PIP1 monomers
are shown in orange, and the PIP2 monomers are shown in blue. In the lower part of the scheme,
the cell is under three different pH units: <6.0, ~ 6.5 and >7.0; in the upper part of the scheme, the
cell is under pH >7.0. The water capacity of each tetramer is represented as proportional to the
length of the light-blue arrow, while the solute capacity of each tetramer (i.e. to dioxide carbon) is
represented with a black arrow. In the box on top at the left, a structural alignment of a representa-
tive PIP1 (in red) and PIP2 (in blue) monomer is shown, pointing out the major differences between
these channels (regarding loop A and the N- and C-termini) and some structural elements relevant
for heterotetramerization. All reports regarding PIP expression in different tissues or cell types
found the simultaneous expression of both PIP1 and PIP2. However, the ratio between mRNA (or
protein) amounts of each group can vary considerably between different cell types, conditioning
the formation of different PIP1 and PIP2 homo- or heterotetramers. All PIP heterotetramers with
different stoichiometries and PIP2 homotetramers are able to reach the plasma membrane, but they
show different water transport capacities when heterologous expressed, being the water transport
capacity of PIP1-PIP2 heterotetramers higher than the water transport capacity found for PIP2
homotetramers. On the contrary, PIP1 homotetramers are unable to reach the plasma membrane
when heterologous expressed. Thus, upon regulation of PIP1-PIP2 expression levels, the plant cell
can modulate the localization of different tetrameric species and the osmotic water permeability
and substrate permeability of the plasma membrane by the assembly of PIP heterotetramers with
different stoichiometries. Since each plant species has a variety of PIP1 and PIP2 isoforms, another
point of regulation would be given by the expression of different types of each of these paralogues.
Since not all PIP1 PIP2 are capable of interacting, locating PIP1 into the plasma membrane would
depend on their capacity to interact with certain PIP2. In this regard, some structural elements
involved in PIP1 and PIP2 contacts in PIP heterotetramers — loop A and loop E containing the
second NPA motif (show in yellow) — and some TM have been shown to be relevant. At the level
of the gating of the channel, the intracellular pH changes can differentially regulate the activity of
PIP tetramers found in the plasma membrane, either as homo- or heterotetramers.
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5.1 Trafficking

As mentioned above, immunocytochemistry, immunodetection and the expression
of PIP fused to fluorescent proteins showed that most PIP2 aquaporins are localized
in the plasma membrane, while most PIP1 aquaporins are found in the ER unless
co-expressed with PIP2 (Zelazny et al. 2007; Li et al. 2009; Luu et al. 2012; Besserer
et al. 2012; Jozetkowicz et al. 2013). The prevalence of PIP2 homotetramers vs
PIP1-PIP2 heterotetramers can be controlled by the regulation of the expression of
both paralogues, as described in Sect. 4.

The regulation of PIP1 and PIP2 trafficking to the plasma membrane, as homo-
or heterotetramers, is another important mechanism leading to modification of the
membrane permeability (Fig. 1) (see also chapter “Plant Aquaporin Trafficking”).
Specific trafficking motifs for PIP2 export from the ER have been described. These
include a diacidic motif (DxE) located at the N-terminus of some maize and
Arabidopsis PIP2s (Zelazny et al. 2009; Sorieul et al. 2011) that probably interact
with the Sec24 protein of the COPII complex for their recruitment to the moving
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vesicle (reviewed in Hachez et al. 2013; Chevalier and Chaumont 2015). However,
ZmPIP2;1 or ZmPIP2;2 can reach the plasma membrane even in the absence of a
diacidic motif (Zelazny et al. 2009). Recently, a new LxxxA motif located in the
TM3 of ZmPIP2;5 has been shown to be required for the ER export (Chevalier et al.
2014). Interestingly, the addition of ZmPIP2;5 diacidic and/or the LxxxA motifs in
ZmPIP1;2 is not enough to induce the ER export of the latter, indicating the pres-
ence of specific retention signals in ZmPIP1;2 (Zelazny et al. 2009; Chevalier et al.
2014). The observation that all the hetero-oligomers comprising PIP1-PIP2 tested
so far are found in the plasma membrane of plant cells and heterologous systems
suggests that (i) the ER retention signal of PIP1 is hidden upon an interaction with
PIP2 and (ii) the interaction with PIP2 is enough to ensure the routing of PIP1 to the
plasma membrane even in the absence of any export signal in PIP1, meaning that
the PIP1-PIP2 interaction does not prevent the PIP2 trafficking motifs from being
properly recognized by the trafficking machinery.

From an evolutionary point of view, we can wonder whether most PIP1s have no
plasma membrane trafficking motifs due to the fact that these motifs are not required
as PIPIs are always co-expressed with PIP2s, which contain the information to
direct them together as heterotetramers to the plasma membrane.

5.2 Biological Activity and Substrate Specificity

As it was already mentioned above, when PIP1 is co-expressed with PIP2, their
interaction is accompanied in oocytes by an increase in the water permeability of
the plasma membrane (Fetter et al. 2004; Vandeleur et al. 2009; Alleva et al. 2010;
Bellati et al. 2010; Ayadi et al. 2011; Jozefkowicz et al. 2013; Yaneff et al. 2014),
indicating that the most prominent physiological modification upon PIP1-PIP2 het-
ero-oligomerization is the alteration of the hydraulic conductivity of the cell plasma
membrane. The source of this increase in the osmotic water permeability can be
simply due to the fact that more aquaporins are present in the plasma membrane.
However, other scenarios can result in similar final response. A publication studying
F. x ananassa PIP1-PIP2 heterotramers shed light on this issue showing that PIP1
has a high water transport capacity and that PIP2 water permeability is enhanced
when it is part of a heterotetramer (Yaneff et al. 2014). Furthermore, it was recently
demonstrated that heterotetramers of BvPIP2;2 and BvPIP1;1 or ZmPIP1;2 and
ZmPIP2;5 having 3:1, 1:3 and 2:2 stoichiometries can coexist at the plasma mem-
brane (Jozefkowicz et al. 2016; Berny et al. 2016). In addition BvPIP2;2 and
BvVPIP1;1 contribute equally to the total plasma membrane permeability, as it was
probed that each of these individual heterotetrameric species present equal water
transport capacity (Jozefkowicz et al. 2016).

PIP heterotetramerization has also been proposed as a way of achieving a diver-
sification and control of net solute transport. PIP1 members have been shown to also
be permeable to other small uncharged solutes such as glycerol (Biela et al. 1999;
Moshelion et al. 2002), boric acid (Dordas et al. 2000) and CO, (Uehlein et al.
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2003), while PIP2s mainly act as water channels, although some of them can also
transport H,0,, glycerol (Chaumont et al. 2001; Uehlein et al. 2008; Dynowski
et al. 2008; Bienert et al. 2014) and CO, (Wang et al. 2016) (Fig. 1). CO, transport
has been studied in depth in Nicotiana tabacum PIP1 and in Zea mays PIP1 (Uehlein
et al. 2003; Otto et al. 2010; Bienert et al. 2014; Heinen et al. 2014). Different trans-
port profiles have been found for NtPIP2 and NtAQP1 (belonging to the PIP1 group)
by analysis of their transport characteristics after co-expression in the yeast
Saccharomyces cerevisiae (Otto et al. 2010). While the expression of NtPIP2;1
increases the water diffusion through the cell membrane but not the CO, diffusion
(deduced from CO,-triggered intracellular acidification of the cells), the expression
of NtAQP1 only increases the CO, diffusion (Otto et al. 2010). Functional analysis
of artificial tetramers with a defined proportion of NtAQP1 and NtPIP2;1 indicates
that the presence of a single NtPIP2;1 protein within a heterotetramer allows for an
increase in the cell water permeability. On the other hand, an increase in the CO,
diffusion requires the presence of at least three or four PIP1 in the heterotetramer.
These data suggest that the stoichiometry of the heterotetramers can influence the
substrate specificity of the complexes.

5.3 Proton-Sensing Regulation

Lastly, we consider pH sensing as an additional important modulator of the biologi-
cal response upon PIP heterotetramerization. PIPs are acid-sensitive water channels
both when heterologously expressed and in native tissues (Gerbeau et al. 2002;
Tournaire-Roux et al. 2003; Alleva et al. 2006; Verdoucq et al. 2008). On the basis
of SoPIP2;1 molecular structure, a gating model was proposed (Tornroth-Horsefield
et al. 2006) that shows how conformational changes in the cytosolic loop D promote
the opening and closure of the pore and control its water permeability. These confor-
mational modifications are pH dependent since they are mediated by the protonation
of a conserved His residue (His193 in SoPIP2;1) (Tournaire-Roux et al. 2003). At
acidic pH, the His residue is charged and by interaction with other residues stabilizes
the loop D closing the pore (Tornroth-Horsefield et al. 2006; Frick et al. 2013).

A shift in the pH sensing has been reported for PIP1-PIP2 heterotetramers in
comparison with the PIP2 homotetramers (Bellati et al. 2010; Jozefkowicz et al.
2013; Yaneff et al. 2014). Water permeability pH dependence presents a low pHs
(the pH at which the half maximal P;is found) for PIP2 homotetramers, implying
that a high probability of PIP channels in open conformation is found at physiologi-
cal conditions. On the contrary, for the PIP1-PIP2 heterotetramers, a pH shift of 0.5
towards alkaline values was observed (Fig. 1). Moreover, all PIP1-PIP2 heterotetra-
meric assemblies of variable stoichiometries present equivalent biological activity
in terms of pH gating and cooperative response (Jozefkowicz et al. 2016).

When B. vulgaris PIPs were studied, both homotetrameric BvPIP2;2 and BvPIP2;1
presented sigmoidal response curves with a pHys of approximately 6.4-6.5, but
BvPIP1;1-BvPIP2;2 heterotetramers showed a pHys of approximately 6.7-6.8
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(Bellati et al. 2010; Jozefkowicz et al. 2013). Interestingly, the plasma membrane of
B. vulgaris storage roots vesicles shows a pH gating profile with pH, s values around
6.7 (Alleva et al. 2006). In this way, acidification conditions to control the opening
and blockage of water transport in native tissues vary depending on the presence of
PIP2 homotetramers or PIP1-PIP2 heterotetramers in the target membrane.

6 Concluding Remarks

The comprehension of the functional relevance of protein oligomerization is not
straightforward due to the fact that the proportion of well-studied oligomeric pro-
teins is quite low compared with monomeric proteins. Even harder is the under-
standing of the biological relevance of hetero-oligomerization. The discovery of the
existence of PIP1-PIP2 hetero-oligomers made these proteins of high interest not
only for studying the physiological relevance of these complexes at the cell and
plant levels in relation to their trafficking, substrate specificity and activity of the
channels but also to better understand the biochemical and biophysical mechanisms
that drive their physical association to form heterotetramers. They constitute a
promising model to elucidate the rules governing protein oligomerization. One of
the next challenges will be to obtain high-resolution structural data of
heterotetramers.
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