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The control of water permeability in plant PIP2 aquaporins has become a

paradigmatic case study of the capping mechanism for pore closure in

water channels. From structural data, it has been postulated that the gating

process in PIP2 involves a conformational rearrangement in cytosolic

loopD that generates an obstruction to the transport of water molecules

inside the aquaporin pore. BvPIP2;2 is a PIP2 aquaporin from Beta vul-

garis whose pH response has been thoroughly characterized. In this work,

we study the participation of Leu206 in BvPIP2;2 gating triggered by

cytosolic acidification and show that this residue acts as a plug that blocks

water transport. Based on data obtained from in silico and in vitro studies,

we demonstrate that Leu206, one of the residues lining the pore, is respon-

sible for ~ 60% of water blockage. Cell osmotic swelling experiments and

atomistic molecular dynamics simulations indicate that the replacement of

Leu206 by an Ala residue maintains high water permeability under condi-

tions where the pore is expected to be closed. The present work demon-

strates that Leu206, located at the cytoplasmic entry of the channel,

constitutes a crucial pH-sensitive steric gate regulating water transport in

PIP aquaporins.

Introduction

Aquaporins (AQP) are the main channels involved in

the transport of water (and other small solutes) across

cell membranes [1,2]. Among aquaporins, PIP (plasma

membrane intrinsic proteins) constitute the largest and

most conserved plant AQP subfamily [3]. PIP

subfamily is phylogenetically organized in two groups

of paralogues, PIP1 and PIP2. This is an ancient spe-

cialization since both paralogues have been found even

in primitive plants such as Physcomitrella patens [3].

PIP aquaporins have key functions in plants as these
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channels are involved in the regulation of water flux

through plasma membranes in all plant tissues and,

therefore, in plant water homeostasis [4,5].

The structural and topological features of several

members of the aquaporin family have been elucidated

[6–13]. This structural information shows that all

aquaporins share an identical architecture consistent

with the ‘hourglass model’ [14]. Indeed, PIP channels

present the typical fold found in all the other members

of the aquaporin family, a main structural core of six

transmembrane alpha helices and five connecting loops

with N and C-terminal domains in the cytoplasmic

side. The transmembrane helices are organized sur-

rounding a single pore together with a seventh trans-

membrane region created by the insertion of loops B

and E into the channel from opposite sides of the

membrane. All PIP channels present the two main and

conserved regions that regulates the specificity of

transport: the Asn-Pro-Ala (NPA) motives and the

aromatic/arginine (Ar/R) selectivity filter (Fig. 1). The

main difference among PIP and other aquaporins is

the length of loopD. This flexible structure is crucial

for the open-closed transition found in PIP channels.

Analyzing the structural framework provided by the

X-ray structures of spinach (Spinacia oleracea)

SoPIP2;1 in closed and open conformations, T€ornroth-

Horsefield and coworkers proposed a ‘capping’ mecha-

nism to explain PIP aquaporin gating [10,15,16]. This

mechanism implies a large-scale rearrangement of

loopD causing the capping of the channel that leads to

the closed state. So, in the closed conformation, PIP’s

loopD appears to be folded underneath the channel

and linked to the N-terminal domain and loopB

through a network of salt bridges, water-mediated

interactions and hydrogen bonds. Together with loopD

movement, the displacement of a hydrophobic plug is

proposed to occlude the PIP pore. The triggering

events that promote the open-closed transition in PIP

channels can be a drop in cytoplasmic pH, an increase

in Ca2+ concentrations or the dephosphorylation of

specific serine residues [17–22]. Permeability regulation

by pH has been reported for different aquaporins such

as mammalian AQP3, AQP4, AQP5, AQP7 and plant

AtTIP2;1, VvTIP2;1 among others [23–28]. But in par-

ticular, cytosolic acidification is a well-studied trigger

for PIP channels gating as pH regulation of water

transport has been described in red beet, Arabidop-

sis thaliana, strawberry, grape, and tobacco PIP aqua-

porins [17,20,29–33]. A conserved histidine residue

located in PIP’s loopD (His197 in AtPIP2;1) has been

Fig. 1. General PIP aquaporin topology. (A)

Intramembrane domains are shown as

colored rounded squares and extracellular

and cytosolic loops and termini are shown

as black lines. (B) Top and bottom views of

a representative PIP homotetramer as built

for molecular dynamics simulations. Colors

used for a monomer correspond to those

shown in A. (C) General side view of the

simulation box. Van der Waals

representation was used for water and

phosphatidylcholine groups and cartoon was

used for protein. Oleyl and palmitoyl chains

are not shown. (D) Detail of the embedded

PIP homotetramer in the fully hydrated

POPC membrane shown in C. PDB 1Z98

was used for the representations shown in

B, C, and D.
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shown as the main proton sensor in these channels

[19,34]. However, the relevance of the hydrophobic

plug in PIP gating has never been tested in aquaporins

with probed proton gating.

It has been previously shown that a drop in cyto-

plasmic pH generates an over 95% reduction in water

transport through PIP aquaporins located at the

plasma membrane of red beet (Beta vulgaris) storage

roots cells [20]. Moreover, we have characterized the

pH cooperative response of BvPIP2;2 both in their

homotetrameric or heterotetrameric assemblies with

BvPIP1;1 [31,35]. In the present work, water perme-

ability assays, site-directed mutagenesis, and molecular

dynamics simulations are used to elucidate if the sug-

gested hydrophobic gate participates in proton regula-

tion of this well-characterized BvPIP2;2 channel.

Results

Leu206 forms a constriction in BvPIP2;2 water

pore

As mentioned before, a hydrophobic plug was pro-

posed to occlude the pore in PIP aquaporins. For

SoPIP2;1, it was proposed that this plug is realized by

a leucine residue located in loopD. BvPIP2;2 biological

activity under acidification has been thoroughly char-

acterized in previous works [30,31,35] making this

aquaporin an ideal target for the elucidation of the

role of loopD’s leucine in proton gating. However, the

only atomistic structures resolved for any PIP aqua-

porin correspond to SoPIP2;1 [10]. So, a detailed com-

parison between the general structure and pore profile

of BvPIP2;2 and SoPIP2;1 is mandatory to support

that the gating mechanism described for SoPIP2;1 can

be generalized and applied to BvPIP2;2.

A comparative analysis of SoPIP2;1 and BvPIP2;2

sequences shows that both proteins share a 76% of

amino acidic identity—they differ mainly in the extra-

cellular loopA length—and a full conservation of all

residues pointed as involved in PIP gating (Fig. 2A,B).

The main residue pointed as a hydrophobic plug in

SoPIP2;1 crystal structures is Leu197. This amino acid

is a highly conserved residue located in PIP2’s loopD

(Fig. 2C) and the analogous residue to SoPIP2;1

Leu197 is the BvPIP2;2 Leu206 residue (Fig. 2A).

In order to compare SoPIP2;1 and BvPIP2;2 general

structure and pore profiles, we prepared a homology

model of BvPIP2;2 and performed 500-ns equilibrium

simulations for each protein.

The simulations were performed for homotetrameric

assemblies embedded in a fully hydrated POPC

bilayer. We find that both channels share a high

similarity in their general structures (Fig. 2B) but in

particular, in their pore geometry (Fig. 3). The

dynamic behavior shows that the pores of SoPIP2;1

and BvPIP2;2, in their closed states, present a similar

profile (Fig. 3). There are two constriction zones

around the Ar/R filter (conserved in all aquaporins)

and the vicinity of Leu197/Leu206. As shown in

Fig. 3, in BvPIP2;2 the pore radius at the Ar/R region

is of approximately 0.72 �A, a similar value was previ-

ously reported for SoPIP2;1 [10] and other aquaporins

[6,23,36] (Fig. 3A). Then, the channel narrows again

to 1.2 �A at the vicinity of Leu206 or to 1.4 �A for

SoPIP2;1 Leu197. This value of 1.4 �A was also

reported for this region of SoPIP2;1 in a previous

work [10]. This constriction zone extends to the area

occupied by Pro195 and Val194 in SoPIP2;1 or Pro204

and Val203 in BvPIP2;2. Here, we analyzed, in partic-

ular, the proximity of Leu206 since the dispersion of

radius in this part of the channel is lower than the dis-

persion found in the zone of Pro204 and Val203 (data

not shown).

We checked the free energy profile for water trans-

port by computing the potential mean force (PMF) in

order to know the permeation barrier for water along

the pore in both PIP2. Both channels present a similar

profile along the pore. Higher values of PMF for

water have been obtained for BvPIP2;2 in comparison

with SoPIP2;1 in the zone around 12–18 �A of the

channel axis. Notwithstanding, all values are among

the expected ones for an energetic barrier for water in

its single file transport through an aquaporin pore. It

has been reported that, in single file water transport, it

is not the number of water molecules in the file but

the number of hydrogen bonds donors or acceptors

along the pore what determines the permeability bar-

rier to water in each individual channel [37]. So, we

also analyzed the frequency of hydrogen bonding

within the pore for both SoPIP2;1 and BvPIP2;2.

There is a similar hydrogen bond frequency profile for

both aquaporins, and, moreover, the residues’ sites

that can be involved in hydrogen bonding are the same

and are localized in the same places in each one of the

two proteins (Fig. 3).

Side chain of Leu206 is an efficient plug to block

water transport in BvPIP2;2

To estimate the effect of leucine side chain in the pore

constriction, we first created the in silico mutant,

BvPIP2;2L206A. An alanine residue was chosen to

replace the leucine, since alanine is an amino acid with

a shorter side chain. After running 500-ns equilibrium

simulations for wild-type and mutant channels in close
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configurations and measuring intrinsic osmotic perme-

ability (pf) every 50-ns interval, the mutant showed a

threefold increase in water permeability in comparison

with the wild-type: (5.27 � 0.06) 9 10�14 cm3�s�1 vs.

(1.61 � 0.02) 9 10�14 cm3�s�1, n = 40,

P < 3.4 9 10�12 (Fig. 4). This intrinsic water perme-

ability was measured as the average of the individual

pf obtained for each monomer in the tetramers in

order to consider the fluctuation that could emerge

from the different time evolution that each chain has

during the simulation in the studied time scale. Similar

fluctuation values, intrinsic to the dynamic of the pore,

has been reported before for different water transport

simulations through aquaporins [38–40]. The increase

in pf calculated for BvPIP2;2L206A in comparison

with wild-type BvPIP2;2 corresponds to the closed

state conformations, that is, loopD capping the water

pore of both channels. As it has been reported from

SoPIP2;1 X-ray structure, in the closed conformation

loopD caps the channel establishing contacts with the

N-terminal tail while in the open conformation loopD

is displaced up to 16 �A [10]. To confirm that this

conformation was maintained during the simulation

we assessed if the network of ionic interactions and

hydrogen bonds characteristic of the PIP2 closed state

was stable.

Figure 5 shows the comparison of key residues sta-

bilizing the closed state in BvPIP2;2 and BvPI-

P2;2L206A structures. The superimposition of

BvPIP2;2 and BvPIP2;2L206A structures shows that

loopD is near N-terminal tail in both channels

(Fig. 5A). We used the distance between His202 and

Asp191 (located in loopD) and the geometric center of

carboxyl oxygen of Asp31, Glu33, and Glu34 as an

indicator of the extent of the closed state of both

channels. All distances are stable during the timescale

of our simulations for the wild-type and mutant chan-

nels. So, we can rule out movements of loopD as

responsible of water transport increment in mutant

PIP.

Finally, to assess if the change in water permeation

after replacement of Leu206 by an alanine residue was

due to a purely steric alteration in the pore radius or

to a modified residence time of water molecules due to

Fig. 2. Comparison of SoPIP2;1 and

BvPIP2;2 sequences and structures. (A)

Primary structure comparison between

BvPIP2;2 and SoPIP2;1. All residues

depicted to be involved in the stabilization

of the closed conformation are marked (red

arrows). NPA residues are underlined in

blue, Ar/R filter is pointed with stars,

transmembrane domains are underlined in

orange, loopB, N- and C-terminal tails are

underlined with dotted green lines and

loopD with dashed red line. (B)

Superimposition of BvPIP2;2 homology

model (red) and SoPIP2;1 (blue) crystal

structure, side view and cytosolic view of a

monomer are shown. Residues involved in

gating (loopD’s His and Leu, loopB, and N

terminus are marked with intense colors.

(C) PIP2’s loopD logo sequences, under

study Leu is marked in red.
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Fig. 3. Pore profile comparison between SoPIP2;1 and BvPIP2;2. Left: Mean radius (upper panel), PMF for water molecules (upper middle

panel), H-bond frequency (lower middle panel) and pore lining H-bond sites population, grouped by residue (lower panels), along the channel

axis. Every property was evaluated from the 500-ns-long MD simulation. The relevant zones are colored in yellow for the Ar/R filter, in blue

for the NPA and in pink for the Leu zone. Right: the superimposition of SoPIP2;1 (blue) and BvPIP2;2 (pink) H-bonding pore lining residues

appearing in the upper middle left panels are shown.

Fig. 4. Equilibrium intrinsic permeability for

BvPIP2;2 and BvPIP2;2L206. The average

permeability values (pf) calculated in

BvPIP2;2 and BvPIP2;2L206A simulations in

their closed state. Data corresponding to

each chain in the tetramers for each

channel are shown in the left panel. The

uncertainty is estimated with the SEM

calculated for the trajectory, P < 0.0001.
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any alteration in the hydrogen bonding inside the

channels, we calculated the radius profile for each

channel and the frequency of hydrogen bonds. Our

results show that a significantly wider pore is found in

the region where the Leu206 is located when this resi-

due is replaced by an alanine (Fig. 6). The mean pore

radius for BvPIP2;2L206A is 1.8 �A, a 53% higher

than the mean pore radius in wild-type BvPIP2;2 at

the vicinity of Leu206.

Interestingly, the constriction zone between the Z

coordinates 12 and 17 �A, corresponding to the region

of Leu206, presents an average minimum radius along

the whole simulation of 0.6 �A for wild-type BvPIP2;2

and of 1.4 �A for the mutant BvPIP2;2L206A. This

increment is enough to allow the passage of water

molecules with a higher frequency. Accordingly, the

PMF in that region is lowered from approximately

12.8 to 6.7 kJ�mol�1. On the other hand, the hydrogen

bonding profile is quite similar between wild-type and

mutant channels, only subtle differences were found in

the H-bond frequency in the vicinity of Leu206 with

higher values for the mutant.

BvPIP2;2L206A is a functional channel and

present lower sensitivity to acidification

Wild-type BvPIP2;2 and mutant BvPIP2;2L206A

heterologously expressed in Xenopus laevis oocytes

were subsequently used to evaluate the relevance of

this Leu206 residue in the blockage of the pore under

acidic conditions. Water permeability was evaluated by

osmosis-based oocyte assays, as previously reported

for this protein [30,31].

The expression of BvPIP2;2L206A leads to an

increase in plasma membrane osmotic water permeabil-

ity coefficient of oocytes compatible with an active

water channel, (74.6 � 7.4) 10�4 cm�s�1 (�SEM,

n = 10) (Fig. 7A,B). When pH inhibition was assayed in

oocytes expressing the wild-type and mutant channels, a

significant difference was found (Fig. 7). While the

osmotic water transport for wild-type suffers, approxi-

mately, an 80% of inhibition when internal pH 7.2 is

lowered to pH 6.3, the mutant is inhibited a 33%. This

result shows that the only presence of Leu206 in the

closed state accounts for almost 60% of the water trans-

port blockage that occurs under cytosolic acidification.

In previous works, we reported that BvPIP2;2 presents,

in similar experiments to those performed in the present

work, a cooperative behavior with a value for pH0.5 of

approximately 6.4–6.5 [35]. Here, we also test the com-

plete dose–response curve of biological activity (Pf) vs.

internal proton concentration for the mutant employing

the wild-type channel as control. It can be seen that

while pH0.5 (6.45 � 0.01, �SEM, n = 3) is conserved,

the minimum Pf in oocytes expressing the mutant is

reached at only a ~ 30% lower value from the maxi-

mum values. These data indicate that there is a lack of

inhibition in the mutant without altering the cooperativ-

ity of the response (Fig. 7D). As we previously charac-

terized the BvPIP2;2–BvPIP1;1 interaction [31], here we

coexpressed BvPIP2;2L206A with BvPIP1;1. This

experiment allows us to control if the mutation does not

alter the interaction among PIP paralogue monomers

within the tetramer. The coexpression of equal amount

of complementary RNA (cRNA) coding for BvPI-

P2;2L206A and BvPIP1;1 promotes an approximately

Fig. 5. LoopD interaction with N-terminal tail along the simulation. (A) Superimposition of BvPIP2;2 and BvPIP2;2L206A representative

structures showing the His202-N-terminal tail (blue dashed line) and Asp191-N-terminal tail (yellow dashed line) distances taken as capping

parameters. (B) His202-N-terminal tail and Asp191-N-terminal tail distances over time for each chain of the tetramers in each simulation.
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twofold increment in the osmotic water permeability of

oocytes (Fig. 8A). Similar results have been obtained

for the coexpression of BvPIP2;2 and BvPIP1;1 in pre-

vious works [30,31]. Also, the pH0.5 (6.82 � 0.02,

�SEM, n = 3) obtained for the coexpression of BvPI-

P2;2L206A with BvPIP1;1 (Fig. 8C) is similar to the

expected for a BvPIP2;2-BvPIP1;1 coexpression. The

coexpression of mutant BvPIP2;2L206A with BvPIP1;1

conserved the typical shifting in pH sensing to alkaline

values reported for PIP2-PIP1 heterotetramers in com-

parison with PIP2 homotetramers [30,32]. The only

difference found in pH dose–response curves for the

coexpression of the mutant and BvPIP1;1 in compar-

ison with the coexpression of wild-type BvPIP2;2 and

BvPIP1;1 is the level of inhibition in water transport

under acidic conditions, being of approximately 45%

for BvPIP2;2L206A-BvPIP1;1 and 97% for BvPIP2;2-

BvPIP1;1 (Fig. 8B). These results show that the mutant

BvPIP2;2L206A behaves exactly as the wild-type

BvPIP2;2 in terms of PIP2-PIP1 interaction but is not

able to block water transport efficiently when intracel-

lular pH decreases.

Fig. 6. Pore profile comparison between wild-type BvPIP2;2 and BvPIP2;2L206A. (A) From left to right: Pore lumen representation, pore

radius, PMF, and H-bond frequency along the pore axis. The zones corresponding to constrictions are colored, yellow for the Ar/R filter, blue

for the NPA and pink for the Leu zone. (B) Pore radius (in �A) for each Z coordinate along the whole simulation, represented in color scale for

chain D of wild-type BvPIP2;2 (left panel) and BvPIP2;2L206A (right panel). Main differences are around Z = 15.5 �A, which corresponds to

the Leu region. (C) Minimum pore radius in the Leu region (12 > Z > 17) along simulation time for wild-type BvPIP2;2 (red) and

BvPIP2;2L206A (gray). 500-frame running averages are shown as black lines.
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Discussion

In this work, we used a combination of in silico and

in vitro experiments to prove that the dramatic reduc-

tion in water transport that occurs after cytosolic acid-

ification in BvPIP2;2 is mainly accounted for the steric

hindrance that Leu206 imposes into the channel.

The gating mechanism proposed for all PIP aqua-

porins emerged from pioneer work done for SoPIP2;1,

which open and closed conformation were resolved by

X-ray crystallography [10,34]. Here, we show that

B. vulgaris PIP2;2 is highly similar to SoPIP2;1 in its

general structure, but that, in particular, both proteins

have the same pore architecture (Figs 1 and 2). This

similarity allows us to evaluate the gating mechanism

proposed as a general mechanism for the plant PIP

family of aquaporins employing a very well-

characterized proton-gated PIP2, the BvPIP2;2. Our

results show, for the first time to our knowledge, that

loopD’s leucine residue is an important gate in PIP2

channel being responsible for blocking almost 60% of

the water transported when loopD caps the pore

(acidic conditions). The constriction generated by

Leu206 in BvPIP2;2 pore is lost when this residue is

replaced by an Ala (Figs 4 and 6). The simulations

show that the replacement of Leu206 for an Ala gener-

ates a nearly 50% increment in the average pore radius

with a concomitant half reduction in the PMF in the

vicinity of this residue. Moreover, the intrinsic osmotic

permeability of the mutant channel is increased over

threefold in its closed state in comparison with the

wild-type (Fig. 4). Interestingly, a similar increment of

relative Pf at pH 6.3 (threefold) was found for the

in vitro experiment when the mutant BvPIP2;2L206A

Fig. 7. Osmotic water permeability of wild-type BvPIP2;2 and BvPIP2;2L206A at different cytosolic acidification conditions. (A) Time course

evolution of the relative volume change in a single oocyte injected with 7.5 ng of cRNA coding for BvPIP2;2 or BvPIP2;2L206A, both

preincubated at different pH acetate solutions and exposed to a hypo-osmotic gradient. NI corresponds to noninjected oocyte (negative

control). (B) Mean osmotic water permeabilities of oocytes expressing BvPIP2;2 or BvPIP2;2L206A incubated at different pH acetate

solutions corresponding to a typical experiment. (C) Relative Pf obtained analyzing seven (for BvPIP2;2) and eight (for BvPIP2;2L206A)

independent experiments, each with 6–15 oocytes for each pH condition. Relative Pf of BvPIP2:2 or BvPIP2:2L206A at pH 6.3 in

comparison with pH 7.2 are significantly different (P < 0.0001 in both cases). The relative Pf of BvPIP2:2 or BvPIP2:2L206A at pH 6.3 are

significantly different (P < 0.0001). (D) pH dose–response curves of the plasma membrane Pf of oocytes expressing wild-type BvPIP2;2 (red

squares) or mutant BvPIP2;2L206A (black dots), n = 7–17 oocytes tested in one representative experiment among three (for

BvPIP2;2L206A) or 2 (for BvPIP2;2) replicates with similar results. Continuous lines are the graphical representation a sigmoidal function

fitted to the experimental data. Values in B, C, and D are shown as mean � SEM.
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is expressed in Xenopus oocytes (Fig. 7C). This incre-

ment in water transport is due to the loss of the hin-

drance generated by the protrusion of Leu206 side

chain. The residual inhibition that is detected in the

mutant at acidic conditions can be due to other resi-

dues lining the pore in the vicinity of Leu206. It was

suggested that in SoPIP2;1, Leu197 can act together

with His99, Val104, Leu108, Pro195, and Val194 to

block the water transport [10]. Khandelia et al. [40]

proved that virtual truncation of loopD in SoPIP2;1

removing Pro195 and Val194 residues increase water

transport. However, this truncation also disrupted the

bonding network between the loopD and the N-

terminal tail. Here, we rule out any other kind of

structural modification of the channel as a possible

cause of the improved water permeability after leucine

replacement by alanine. On one hand, loopD network

interaction with N-terminal tail is not altered in the

mutant, conserving the closed conformation of the

channel (Fig. 5, data from in silico experiments) and

on the other hand, cooperativity and pH0.5, parame-

ters that depends on structural contacts in the whole

molecule, are similar in the mutant and wild-type

channel (Fig. 7, data from in vitro experiments).

The leucine gate studied here can be triggered by

cytosolic acidification both in BvPIP2;2 homotetramers

and BvPIP2;2–BvPIP1;1 heterotetramers. The heterote-

tramerization among the PIP1 and PIP2 paralogues is

a distinguished phenomenon of the PIP aquaporin

subfamily [41,42]. It is known that the assembly of

PIP2 and PIP1 protomers occurs with random stoi-

chiometry [31,32,43] and that their precise interactions

are controlled by specific promoter contacts [43,44].

The pH response of homotetramers and heterote-

tramers has been well characterized for BvPIP and it is

known that water transport is higher and pH0.5 is

shifted to more alkaline values for PIP2-PIP1 heterote-

tramers in comparison with PIP2 homotetramers [30–

32,41]. The only feature preserved in both heterote-

tramers and PIP2 homotetramers is the degree of

cooperativity for pH sensing [31,35]. In our experi-

ments, it is clear that interaction interfaces of the

BvPIP2L206A channel are not altered by the mutation

since its coexpression with BvPIP1;1 presents the

Fig. 8. Pf dependence on oocyte internal pH for the coexpression

of BvPIP2;2L206A and BvPIP1;1. (A) Mean osmotic water

permeabilities of oocytes expressing BvPIP2;2, BvPIP2;2- BvPIP1;1,

BvPIP2;2L206A, BvPIP2;2L206A, or BvPIP2;2L206A-BvPIP1;1, all

incubated at different pH acetate solutions and exposed to a hypo-

osmotic gradient. NI is noninjected oocytes (negative control).

Values are mean � SEM, n = 7–14 oocytes. This is one

representative experiment of three replicates. (B) Relative Pf

obtained analyzing three (for BvPIP2;2-BvPIP1;1) and five (for

BvPIP2;2L206A-BvPIP1;1) independent experiments. Relative Pf of

BvPIP2:2-BvPIP1;1 or BvPIP2:2L206A-BvPIP1;1 at pH 6.3 in

comparison with pH 7.2 are significantly different (P < 0.0001 in

both cases). The relative Pf of BvPIP2:2-BvPIP1;1 or BvPIP2:2L206A-

BvPIP1;1 at pH 6.3 are significantly different (P < 0.0001). (C)

Relative Pf behavior after cytosolic acidification tested in oocytes

coinjected with BvPIP2;2L206A-BvPIP1;1 (7.5 ng of each cRNA per

oocyte) or BvPIP2;2-BvPIP1;1 (7.5 ng of each cRNA per oocyte)

used as control. The data points are representative values obtained

from the same batch of oocytes (mean Relative Pf � SEM). This is

one representative experiment of three independent experiments,

4–14 oocytes were tested for each condition in each replicate.
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typical characteristics of the PIP heterotetramers vs.

homotetramers: higher water transport, shifted pH0.5

to alkaline values, and conserved sigmoidicity (Fig. 8).

However, the inhibition in water transport by acidifi-

cation is affected for the coexpression, showing that

Leu206 is relevant in BvPIP2;2 pore gating not only

when this molecule is assembled as a homotetramer

but also as a heterotetramer with BvPIP1;1 (Fig. 8).

Peculiarly, the inhibition found for the BvPI-

P2;2L206A-BvPIP1;1 coexpression is similar to the one

found in the homotetrameric mutant. This result is

intriguing since in the homoterameric mutant the four

monomers have the replacement of Leu206 for an Ala

while in the heterotetramer, BvPIP1;1 conserves its

loopD’s Leu. A speculation about the impact of the

interaction in the conformation of the water pore can-

not straightforwardly be done since the pH dose–re-
sponse curve of BvPIP1;1 homotetramers is unknown

as there are still no solved structures for the PIP1

homotetramers nor for the PIP2-PIP1 heterotetramers.

However, since it was reported that the pores of both

PIP2 and PIP1 are altered after their interaction

[32,44–46], it is plausible that also the gating mecha-

nisms were altered.

Taken together, all results reported here show that

Leu206 conforms a relevant gate, located at the cyto-

plasmic entry of the channel for pH inhibition of

water transport in PIP aquaporins. All aquaporins

showed a constriction site defined by the Ar/R selectiv-

ity filter located in the extracellular entry of the pro-

tein, but gated aquaporins have been shown to have a

second constriction site at the cytoplasmic side of the

channel. This second constriction is characterized by

the protrusion of a single residue into the pore that

consequently interrupts the single file of water mole-

cules, as Leu206 does here. In Aqy1 this single-residue

gate is realized by Tyr31 [47]. This residue is located in

the N terminus of Aqy1 but occupies, in the tertiary

structure of the channel, the same location as Leu206

in BvPIP2;2 [47,48]. Mechanosensitivity and phospho-

rylation of Ser107 in loopB, seem to be the triggering

factors controlling Aqy1 gating by Tyr31 [47,49].

AQP0 has also been reported as a gated aquaporin

and the residue proposed as gate in the cytoplasmic

entry of the channel is Tyr149, located in loopB [50].

AQP0’s Tyr149 also occupies a position equivalent to

loopD’s Leu in PIP2 [10]. The replacement of Tyr149

regulates not only the water permeability in AQP0 but

also its calcium modulation [51,52]. It is well know

that Ca2+-calmodulin controls AQP0 activity by

calmodulin binding to two neighboring C-terminal

tails, and it was shown that the probability of the

cytoplasmic constriction adopting a closed state

increases in the presence of calmodulin [51]. Recently,

it was proposed that also HsAQP5, HsAQP4, and

HsAQP10 present a cytoplasmic gating mechanism

based on only one key gate residue, being the blocking

key residues His67 [53], His95 [23,54], and His80 [55],

respectively. Again, these histidine residues are located

at the cytoplasmic entry of those aquaporins. Interest-

ingly, in HsAQP10, the acidification opens the channel

to increase glycerol transport [55]. In the cases of

HsAQP5 and HsAQP4, the knowledge about the gat-

ing mechanisms are not as clear as in the other cases,

such as the reported here for PIP2, where the move-

ment of an important flexible domain of the proteins

jointly activates the single-residue gate.

Can the nature of the leucine gate be hydrophobic or

is it purely steric? Hydrophobic gating is a well-proved

phenomenon that was originally proposed for ion chan-

nels and refers to the dewetting of some region of the

channel pore that renders a low ionic permeability.

Indeed, this concept was used to describe those channel

structures where ‘the gate is formed by a ring of

hydrophobic side chains that do not physically occlude

the pore’ [56]. In narrow hydrophobic regions (ra-

dius ≤ 4 �A) a pore will spontaneously be dewetted and

thus the channel presents a closed state. Several chan-

nels present this kind of gating mechanism by dewet-

ting, that is, a decrease in the number of water

molecules in a particular region of the pore is the main

effect of hydrophobic gating. For example, the nature

of the gate in GLIC and ELIC channels has been shown

to be hydrophobic [57]. However, it is not clear that

these cases are similar to aquaporins, whose pores’ radii

are always narrower than ion channel pores and water

is transported through a single file mechanism. From

our experiments, the modification of Leu206 side chain

was sufficient to allow a higher water permeability, even

when pore radius is still narrower in comparison with

the radius reported for ion channel hydrophobic gating.

Thus, in the case of PIP2 it seems that the elimination

of the steric constriction is the factor that allowed a

higher water permeability. Then, we consider that the

nature of the PIP leucine gate is mainly steric. Notwith-

standing, as pointed by Zhu and Hammer [57], there

may not always be a clear boundary between the

regimes of steric and hydrophobic gating associated

with the intrinsic dynamic of channel’s pores due to

thermal fluctuations together with the flexibility of pro-

tein structures.

There is unambiguous evidence from functional

data [18–20,29–,32] and X-ray crystallography

[10,16,34] showing that PIP aquaporins are proton-

gated channels, however, the mechanisms that effec-

tively operate after loopD capping to control water
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transport through the PIP pore have been kept as an

structural hypothesis until now. The mechanism that

close PIP pore is of huge physiological relevance,

indeed, one of the early responses of plants under

anoxia by flooding is the downregulation of water

uptake by the coordinate inhibition of plant PIP

aquaporins [19]. The present work demonstrates that

the proposed leucine gate acting at the cytoplasmic

entry of PIP2 channel is effectively a crucial steric

gate controlling water transport in this aquaporin sub-

family.

Methods

Sequence analysis

Beta vulgaris plasma membrane intrinsic proteins, BvPIP2;2

(GQ227846.1) and S. oleracea SoPIP2;1 (Q41372) were

compared. To obtain the conserved loopD sequence, a

search was performed with BLASTP tool (http://blast.ncbi.

nlm.nih.gov/Blast.cgi) using BvPIP2;2 as input. Ninety-six

sequences were selected to perform multiple sequence align-

ment (MSA). All MSAs were done with CLUSTAL OMEGA

[58]. The logo was performed using WebLogo (http://webl

ogo.berkeley.edu/logo.cgi) to generate a graphical represen-

tation of the patterns within the MSA.

Molecular dynamics simulation and data analysis

Molecular mechanic simulations were performed for

homotetrameric assemblies using SoPIP2;1 in a closed state

crystal 3D structure obtained from the Protein Data Bank

(1Z98) [10] and BvPIP2;2 homology models obtained

through the Swiss model homology-modeling server [59],

using 1Z98 crystal as a template. Crystallographic water

molecules were removed and Cd2+ ions were replaced by

Ca2+. The selected template corresponds to the SoPIP2;1

closed state at pH 8 obtained instead of 4IA4, which also

corresponds to SoPIP2;1 closed but at pH 6 since this tem-

plate has a lower resolution (3.1 �A) and the author reports

that the structures obtained at both pH are not significantly

different [34]. All the homotetrameric assemblies were

embedded in a fully hydrated 180 9 180 �A POPC bilayer

using the membrane builder tool provided in the

CHARMM-GUI website [60–63]. Approximately 75 000

explicit water molecules of the TIP3P water model [64] and

near 195 sodium and chloride ions were added to achieve a

concentration of 150 mM. Total box dimensions in all simu-

lations were approximately 180 9 180 9 115 �A (X 9 Y 9

Z). A minimization stage was performed prior to the heat-

ing stages. The system was first heated from 0 to 100 K

with all the lipids under weak harmonic constraints and

then heated from 100 to 303 K with an anisotropic Berend-

sen weak-coupling barostat to equilibrate the pressure,

under the same harmonic constraints. Thereafter, con-

strain-free molecular dynamics was run in an NPT ensem-

ble with full periodic boundary conditions. Nonbonded

interactions (electrostatic and Lennard-Jones) were simu-

lated with a cutoff of 10 �A. Electrostatic interactions were

simulated using Particle Mesh Ewald for long range inter-

actions. All simulations were performed using AMBER 16

MD simulations package and parameters form

AMBER14SB and LIPID14 force fields [65–67]. Covalent

hydrogen bonds were constrained using SHAKE algo-

rithm, allowing a time step of 2 fs. The simulations were

performed at a temperature of 303 K using a Langevin

thermostat and pressure were kept at 1 bar by an anisotro-

pic Berendsen barostat. Equilibrium simulations of 520 ns

were carried out for SoPIP2;1, BvPIP2;2, and BvPI-

P2;2L206A homology models. The protein structures

extend from residue 24–274 in those for S. oleracea and

from residue 26–289 in the case of B. vulgaris models. The

first 20 ns of each trajectory were discarded since the area

per lipid stabilized after the first 5 ns. We assumed inde-

pendent behavior for each monomer that allowed us to

treat datasets extracted from each monomer as indepen-

dent samples. HOLE module of MDANALYSIS package and

an in-house R script was used to calculate pore dimensions

in the Z axis for each trajectory and statistical processing,

respectively [68–70]. The intrinsic osmotic permeability (pf)

was extracted from 10 equilibrium simulations (10 ns long)

using 10 frames along the 500-ns simulations (one every

50 ns) as initial coordinates. Calculations were carried out

with an in-house R script as described for the collective dif-

fusion method by Zhu: MSD in the Z axis was measured

for the water molecules occupying each pore in each single

simulation [71]. Hydrogen bonds data were extracted from

the 500-ns equilibrium simulations and geometrical proper-

ties were measured employing analysis tool included in the

AMBERTOOLS package.

DNA constructions

Beta vulgaris plasma membrane intrinsic proteins, BvPIP2;2

(GQ227846.1) and BvPIP1,1 (GQ227845.1), were cloned

into BglII and SpeI sites of a pT7Ts-derived vector contain-

ing T7 RNA polymerase promoter and carrying the 50 and
30 translated regions of the X. laevis b globin gene.

Mutated cDNA encoding BvPIP2;2L206A was obtained by

site-directed mutagenesis using custom-made oligonu-

cleotides primers (Genbiotech, Buenos Aires, Argentina).

Primers used to mutate a leucine to alanine (L206A) in

BvPIP2;2 are 50-ggtaggggtgccgctacaggaacatgggaatccct-30

and 50-agggattcccatgttcctgtagcggcacccctacc-30.
The mutation reaction was performed by site-directed

mutagenesis PCR using Phusion High-Fidelity DNA Poly-

merase (New England Biolabs, Ipswich, MA, USA). DNA

sequencing (Macrogen Inc., Seol, Korea) was used to cor-

roborate all sequences.
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In vitro RNA synthesis

The capped cRNA encoding for BvPIP1;1 and BvPIP2;2

were synthesized in vitro using the mMESSAGE mMA-

CHINE T7 High Yield Capped RNA Transcription Kit

(Ambion, Austin, TX, USA), and BvPIP2:2L206A with

mMESSAGE mMACHINE T7 High Yield Capped RNA

ULTRA Transcription Kit (Ambion, Austin, TX, USA)

and mMESSAGE mMACHINE T7 High Yield Capped

RNA Transcription Kit (Ambion), as described previously

[72]. The synthesized products were suspended in RNAase-

free water and stored at �20 °C until use. Agarose gel elec-

trophoresis and GelRed (BioAmerica Biotech Inc., Miami,

FL, USA) staining were used to check the absence of unin-

corporated nucleotides in the cRNA after every in vitro

cRNA synthesis. The cRNA was quantified in a Bio-Tek

PowerWaveTM Microplate Spectrophotometer (Fisher Scien-

tific, Lenexa, KS, USA).

Oocyte water transport assays

Defolliculated stage V–VI X. laevis oocytes were microin-

jected with cRNA coding for different PIP and incubated

for 3 or 4 days in ND96 buffer (96 mM NaCl, 2 mM KCl,

1 mM MgCl2, 1.8 mM CaCl2, and 5 mM HEPES pH 7.5;

~ 200 mOsmol�kg�1 H2O) at 18 °C prior to performing the

experiments. The osmotic water permeability (Pf) of oocytes

injected or noninjected with cRNA was determined by mea-

suring the rate of oocyte swelling, as explained before [30].

Briefly, Pf was determined by measuring the rate of oocyte

swelling induced in response to fivefold dilution of the

ND96 buffer with distilled water. Changes in oocyte vol-

ume were video-monitored by a WB-99 color video camera

(1.3 MP; Panacom, Buenos Aires, Argentina) attached to a

zoom stereo-microscope (Leica L2; Leica, Wetzlar, Ger-

many). Cell swelling was video-captured in still images

using the AMCAP version 9.20 (http://noeld.com/programs.a

sp?cat=video) and then the images were analyzed by treat-

ing each oocyte image as a growing sphere whose volume

could be inferred from its cross-sectional area (software IM-

AGE J version 1.37, https://imagej.nih.gov/ij/index.html,

NIH, Bethesda, MD, USA). Pf was calculated according to

[73], Pf = Vo [d(V/Vo)/dt]/[S Vw (Osmin � Osmout)], where

Vo is initial oocyte volume (9 9 10�4 cm3), V/Vo is the rel-

ative volume, S is the surface area of the oocyte

(0.045 cm2), Vw the molecular volume of water

(18 cm3�mol�1) and Osmin � Osmout the osmotic driving

force. Noninjected oocytes were used as negative controls.

All osmolarities were measured in vapor pressure osmome-

ter (5600C Wescor Inc., Logan, UT, USA).

pH modulation of oocyte water transport

For pH inhibition experiments the internal proton concen-

tration of oocytes was modified following an already

described protocol [19,30]. Briefly, the internal pH of

oocytes was acidified by preincubating them for 20 min in

different pH acetate solutions (50 mM sodium actate,

20 mM MES for the 5.8–6.8 pH interval or HEPES for the

7.0–7.5 pH interval), supplemented with 1 M mannitol until

the desired osmolarity was achieved (200 � 5 mOsmol�kg�1

H2O). The internal pH was calculated following the cali-

bration performed in Ref. [30]. The swelling response was

induced by transferring the oocytes to a dilution of the

incubation solution with distilled water. The relative Pf was

obtained by the equation: Relative Pf = [(Pf pH 6.3 � Pf

NI)/(Pf pH 7.2 � Pf NI)] 9 100. NI stands for noninjected

oocytes used as negative control. Relative Pf values are

used to discard any possible difference in the translating

rate or membrane insertion rate among the mutant and the

wild-type channels that can induced to misinterpretation of

functional data. Lower plasma membrane insertion was

previously reported for mutant AQP [74].

For pH dose–response curves an empirical sigmoidal

function (Eqn ) was fitted to the experimental data by non-

linear regression procedure (implemented in GraphPad

Prism Inc., San Diego, CA, USA):()

Pf ¼ Pfmin þ ðPfmax � PfminÞ KnH
0:5

KnH
0:5 þ ½Hþ�nH ;

where Pfmax and Pfmin are the asymptotic maximal and

minimal values of the oocyte water permeability (Pf),

KnH
0:5 is the [H+] at which the water permeability change

is half maximal, and nH is an empirical coefficient giv-

ing account of the mismatch respect to the hyperbolic

behavior. Parameter pH0.5 is defined as pH0.5 � �log

(K0.5).

Statistics

Significant differences between groups were calculated using

a two-tailed Student t test.
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