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Plant PIP aquaporins play a central role in controlling plant water status.

The current structural model for PIP pH-gating states that the main pH

sensor is located in loopD and that all the mobile cytosolic elements partic-

ipate in a complex interaction network that ensures the closed structure.

However, the precise participation of the last part of the C-terminal

domain (CT) in PIP pH gating remains unknown. This last part has not

been resolved in PIP crystal structures and is a key difference between

PIP1 and PIP2 paralogues. Here, by a combined experimental and compu-

tational approach, we provide data about the role of CT in pH gating of

Beta vulgaris PIP. We demonstrate that the length of CT and the positive

charge located among its last residues modulate the pH at which the open/

closed transition occurs. We also postulate a molecular-based mechanism

for the differential pH sensing in PIP homo- or heterotetramers by per-

forming atomistic molecular dynamics simulations (MDS) on complete

models of PIP tetramers. Our findings show that the last part of CT can

affect the environment of loopD pH sensors in the closed state. Results

presented herein contribute to the understanding of how the characteristics

of CT in PIP channels play a crucial role in determining the pH at which

water transport through these channels is blocked, highlighting the rele-

vance of the differentially conserved very last residues in PIP1 and PIP2

paralogues.

Abbreviations

AQP, aquaporin; CT, C terminus/C-terminal domain; MIP, major intrinsic protein; NT, N terminus/N-terminal domain; Pf, osmotic

permeability; PIP, plasma membrane intrinsic protein.
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Introduction

Plants depend on strict regulation of water transport

for their growth and development. Aquaporins (AQP)

are the channels that ensure a rapid and reversible

control of water permeability. Plant aquaporins com-

pose a large and diverse protein family whose func-

tions are not limited to water homeostasis but are

also engaged in the transport of key molecules such

as CO2, H2O2, NH3, urea, ions, and micronutrients

[1,2]. Higher plant AQP are organized into five sub-

families: the plasma membrane intrinsic proteins

(PIPs), the tonoplast intrinsic proteins (TIPs), the

nodulin 26-like intrinsic proteins (NIPs), the small

basic intrinsic proteins (SIPs), and the X intrinsic

proteins (XIPs). Among these channels, PIP consti-

tutes the most numerous and homogeneous group

with a central role in affecting root and leaf hydrau-

lic properties [2]. Two main features distinguish PIP

from other AQP: the possibility of assembling as

heterotetramers combining different isoforms from

the two groups of paralogues—PIP1 and PIP2—[3]

and the gating mechanism mediated by its unusually

long intracellular loopD [4–6]
The known characteristics for modern PIP1 and

PIP2 isoforms in terms of their water transport activ-

ity, trafficking, and heterotetramerization emerged

early in the evolution of vascular plants [7].

Interestingly, even with the huge number of PIP iso-

forms per genome and the splitting into two groups of

paralogues, there is a high sequence identity among all

PIP across species in comparison with other plant

AQP subfamilies, suggesting a great evolutionary con-

straint [8,9]. Among PIP1 and PIP2 channels, there is

more than 80% of sequence identity. The main differ-

ences between both paralogues’ sequences are in the

length of their terminal domains. PIP2 C-terminal

region (CT) is around 18 to 23 residues long, while

PIP1 CT is approximately 6 to 8 residues shorter

(Fig. 1A,B). On the contrary, PIP1 N-terminal region

(NT) is longer than PIP2 NT. The interaction between

PIP1 and PIP2 within heterotetramers has been

reported to occur throughout different plant species,

and variable stoichiometry has been described for

strawberry, red beet, and maize PIP [10–12]. Many

reports show that the biophysical properties of PIP1

and PIP2 channels depend on the kind of tetramers—
homo- or heterotetramer—of which they are part

10,11,13–15. Intracellular pH, together with changes in

calcium concentration, is a signal that triggers the gat-

ing of PIP channels [4,16,17]. Conditions such as

anoxia or hypoxia have been linked to plant cell

cytosolic acidification and to the consequent reduction

in hydraulic conductivity by PIP channel closure [4].

A mechanistic model for PIP gating was proposed

Fig. 1. PIP2 and PIP1 C-terminal sequences and structure. (A) BvPIP1;1 and BvPIP2;2 homology models. CT is represented in dark orange

and dark purple, respectively. Model renders were obtained with VMD software. (B) Logo of PIP1 and PIP2 CT sequences showing the

degree of conservation of each residue. (C) Multiple sequence alignment of selected PIP1 and PIP2 CT showing proximal (underlined in red)

and distal parts (underlined in green) and the PIP2 SFRS motif (underlined in black).
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after obtaining SoPIP2;1 high-resolution structures in

both open and closed conformations [5,6]. This model

proposes that the principal pH sensor is a histidine

residue located in loopD and that the open/closed

transition involves a conformational change in cytoso-

lic loopD that alters the position of a leucine residue

inside the water pore. This leucine was shown to be

the key blocking residue in the closed state of PIP

channels [6,18]. Contacts among loopD, loopB, and

NT were proposed to stabilize the closed state. It was

also proposed that CT serine residues are involved in

this network [19]; however, controversy persists since it

was shown that, in the case of NtPIP2;1 pH gating,

CT serines are not involved [20].

So far, among PIP, only homotetrameric PIP2 struc-

tures have been determined by X-ray crystallography

[6,21]. Although there is no structural information for

PIP1 channels, the high similarity of their transmem-

brane helices and loopD with those of PIP2 and exper-

imental evidence showing that some PIP1 can be also

inhibited by acidification [4], allow speculating that a

conserved mechanism for the conformational change is

present in both paralogues. However, a shifted pH0.5

in the open/close transition has been found for PIP1-

PIP2 heterotetramers in comparison with PIP2

homotetramers [22]. Considering that CT length is one

of the main structural differences among PIP1 and

PIP2, we wonder in which way CT could participate in

this differential pH regulation.

BvPIP2;2 is a pH-gated aquaporin from red beet

Beta vulgaris whose biophysical characterization under

different pH conditions is available from previous

studies both for homo- and heterotetramers with

BvPIP1;1 [11,18,22,23]. So, we consider Beta vulgaris

PIP channels as suitable candidates to investigate the

role of the CT in PIP pH gating.

In the present study, we combine in vitro experi-

ments with MDS of PIP models, which include mobile

terminal ends to demonstrate that the last residues of

PIP sequences, differentially conserved in PIP1 and

PIP2 paralogues, play a role in determining the pH at

which can occur the open/closed transition of these

channels.

Results

Truncation of the BvPIP2;2 CT induced an

alkaline shift on the pH dose–response curve

PIP1 and PIP2 channels are plant paralogues with

highly conserved sequences whose cytosolic CT present

different lengths (Fig. 1). Considering the structural

information available for PIP2 channels, PIP2 CT can

be divided into two sections: the proximal section,

ordered (solved in crystal structures), and a distal sec-

tion with high mobility and putative disorder (not

solved in crystal structures) (Fig. 1C). The distal sec-

tion contains a very conserved short linear SFRS motif

and a variable part whose length and sequence depend

on the isoform (Fig. 1C). This section is absent in

PIP1 channels.

To evaluate whether this last part of the protein

sequence participates in pH gating, we constructed a

BvPIP2;2 mutant with a shorter CT, BvPIP2;2Δ6CT.
The deletion involved the last 6 residues of the sequence,

SFRSSA, so the CT of the truncated channel lacks its

putative most flexible part and is as long as any PIP1 CT.

Injection of BvPIP2;2Δ6CT cRNA into Xenopus laevis

oocytes leads to an increase in the osmotic water perme-

ability coefficient (Pf), indicating that the truncated chan-

nels are properly expressed, form tetramers that locate in

the plasma membrane, and are permeable to water. We

then analyzed pH sensing for BvPIP2;2Δ6CT and found

a shift to alkaline values in the Pf vs pH dose–response
curves when compared with the typical behavior of wild-

type BvPIP2;2 (Fig. 2A,B). The pH0.5 corresponding to

the response of BvPIP2;2Δ6CT and BvPIP2;2 is 6.80 �
0.07 (mean � SEM, n = 3) and 6.45 � 0.02 (mean �
SEM, n = 4), respectively (Fig. 2C). These results con-

firm that the very last 6 residues of BvPIP2;2 are not

essential for transport activity but are clearly involved in

pH sensing.

We also analyzed a truncated mutant of an alterna-

tive PIP2 channel (Medicago truncatula PIP2;3) whose

last residues are SFRSNA, and results obtained are

similar to those obtained for BvPIP2;2Δ6CT,
6.97 � 0.01 for MtPIP2;3Δ6CT vs 6.51 � 0.02 for

MtPIP2;3 (mean pH0.5 � SEM, n = 2).

Mutation S283A does not affect BvPIP2;2 pH

dose–response curve while mutation R285A

induces an alkaline shift

To clarify the cause in pH0.5 shifting of PIP2 with

short CT, we analyzed if this happens as a result of

the particular action of one residue of the highly

mobile end of the protein. Two residues were of partic-

ular interest, S283 and R285. So, we mutated each of

these to alanine and analyzed the impact of these

mutations in pH dose–response curves. As can be seen

in Fig. 3, BvPIP2;2S83A forms functional channels,

that is, transports water and is sensitive to pH. The

dose–response curve for this mutant channel is similar

to the one obtained for the wild-type BvPIP2;2, indi-

cating that S283 is not involved in pH gating

(6.49 � 0.01, mean pH0.5 � SEM, n = 3). This result
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is in agreement with the previous report on NtPIP2;1

Ser277, where the mutant NtPIP2;1S277A was shown

to be effectively blocked by acidification [20].

The other conserved residue we explored among the

last 6 of BvPIP2;2 CT as potentially involved in the

control of the pH0.5 was the basic residue R285.

Fig. 2. pH dose–response curve of normalized water permeability (Pf) of oocytes expressing BvPIP2;2 in comparison with oocytes

expressing the truncated channel BvPIP2;2Δ6CT. (A) Relative Pf behavior after cytosolic acidification was tested on oocytes injected with

cRNA coding for BvPIP2;2 or BvPIP2;2Δ6CT. Data points are values obtained using 8–16 oocytes for each pHint from a same batch in a

representative experiment. (B) Wild-type and truncated CT sequences are shown. (C) The pH0.5 values are reported as the average of three

to four independent experiments (mean pH0.5 � SEM). An unpaired t-test was used to test the statistical difference between treatments

(***, P < 0.001).

Fig. 3. pH dose–response curve of relative membrane water permeability (Pf) of oocytes expressing BvPIP2;2S283A or BvPIP2;2R285A. (A)

Pf behavior after cytosolic acidification was tested on oocytes injected with cRNA coding for BvPIP2;2S283A or BvPIP2;2R285A in

comparison with the behavior of Pf of oocytes expressing BvPIP2;2. Data points are values obtained from the same batch of oocytes (8–13
oocytes were used for each pHint). The curves shown are representative of three independent experiments using different oocyte batches.

(B) Sequences of BvPIP2;2 and mutants are shown indicating with circles the mutated residues. (C) The pH0.5 values are reported as the

average of three independent experiments (pH0.5 � SEM). Dunnett multiple comparison test was used to calculate the statistical difference

between the wild-type and the two mutants (****, P < 0.0001; ns, not significant).
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BvPIP2;2R285A forms functional channels, that is,

transports water and is sensitive to pH (Fig. 3). Inter-

estingly, the Pf vs pH dose–response curve for this

mutant shifts to the right in comparison with the wild-

type BvPIP2;2 curve, indicating that the R285 is a key

residue in PIP2 pH gating (6.63 � 0.02, mean pH0.5 �
SEM, n = 3). The rightward pH shifting found for

BvPIP2;2R285A (~ 0.18 pH units) was not of the same

magnitude as the one registered for BvPIP2;2Δ6CT
(~ 0.35 pH units). This discrepancy proves that R285

is a relevant residue in pH gating but not a unique

factor.

PIP1 CT alters PIP channels open/closed

transition at pH0.5 in a similar way to short PIP2

CT

Since BvPIP1;1 presents a shorter CT than BvPIP2;2,

we investigated if BvPIP1;1 CT could elicit a response

similar to truncated PIP CT in pH gating. We replaced

the BvPIP2;2 CT by BvPIP1;1 CT to create a chimeric

protein, BvPIP2;2CT1;1. The CT of this chimeric pro-

tein is as short as in BvPIP2;2Δ6CT but with a differ-

ent sequence (Fig. 4A,B). The injection of

BvPIP2;2CT1;1 cRNA in Xenopus laevis oocytes did

not provoke the increase in Pf values expected for a

functional water channel at any of the tested cRNA

quantities, but it did when co-expressed with BvPIP2;2

or BvPIP1;1. This behavior could be due to a difficulty

of BvPIP2;2CT1;1 homotetramers to be located at

plasma membrane while conserving the ability to inter-

act with other PIP channels to form heterotetramers.

When pH response of the co-expression of

BvPIP2;2CT1;1 with BvPIP1;1 was assayed, the open/

closed transition presented a pH0.5 of 6.82 � 0.05

(mean pH0.5 � SEM, n = 3) (Fig. 4C) resembling the

values obtained for any stoichiometric ensemble of

BvPIP2;2 with BvPIP1;1. However, contrasting with

those heterotetrameric channels, where two different

kinds of CT are present, “PIP2 type” and “PIP1 type”,

here the four CTs are short and “PIP1 type.” So, we

tested the co-expression of BvPIP2;2CT1;1 with

BvPIP2;2. This ensemble showed a rightward shifting

of the pH response in comparison with BvPIP2;2

homotetramers, but to a lesser extent of the reported

for any stoichiometric ensemble of BvPIP2;2 and

BvPIP1;1 (6.64 � 0.02, mean pH0.5 � SEM, n = 3)

(Fig. 4). Now, two different kinds of CT are present,

“PIP2 type” and “PIP1 type,” but unlike in the case of

BvPIP2;2-BvPIP1;1 co-expression where not only the

CT is different but also the NT, in this situation NT

are all “PIP2 type.” We comment on the possible

involvement of NT in CT behavior in the next

sections.

Fig. 4. Pf dependence on pH for the co-expression of BvPIP2;2CT1;1 with BvPIP2;2 or BvPIP1;1. (A) pH dose–response curve of relative Pf

of oocytes co-expressing BvPIP2;2CT1;1 plus BvPIP2;2 or BvPIP1;1 (3 : 1 part of each cRNA per oocyte) or expressing BvPIP2;2 alone.

Data points are values obtained from the same batch of oocytes; 8–15 oocytes were used for each pHint. The curves shown are

representative of three to four independent experiments using different oocyte batches. (B) BvPIP2;2, BvPIP1;1, BvPIP2;2Δ6CT, and

BvPIP2;2CT1;1 CT sequences are shown. (C) The pH0.5 values are reported as the average of three to four independent experiments (mean

pH0.5 � SEM). Dunnett multiple comparison test was used to calculate the statistical difference between the wild-type and the two co-

expressions (****, P < 0.0001; **, P < 0.01).
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Short and long CTs can differentially affect the

environment of pH sensing residues

As all the in vitro results presented in previous sec-

tions point to PIP2 distal CT contributing to pH

sensing, we studied the behavior of long and short

CTs employing MD simulations. We explored differ-

ent conformations of these flexible regions, to obtain

mechanistic information about possible interactions

between CT and other protein residues that may help

in the interpretation of the observed behavior in gat-

ing experiments. In previous work, we validated a

homology model for BvPIP2;2 using the structure of

closed SoPIP2;1 (PDB 1Z98) [18] as template. This

model was incomplete since, as previously explained,

experimentally determined PIP structures do not com-

pletely characterize NT and CT due to their intrinsic

high mobility. Here, we generated a complete model

of each monomer and sampled the conformational

space of the whole tetrameric channel by modeling

terminal domains as explained in the Materials and

methods section. After obtaining a model for the

whole BvPIP2;2, we truncated, in silico, the last 6

residues of each CT to create a model of

BvPIP2;2Δ6CT. Finally, we performed four MD

replicas of 100 ns each (400 ns total) for the complete

and truncated homotetrameric channel models. Fig. 5

A depicts the conformational space sampled by CTs

and loopDs in closed BvPIP2;2 and BvPIP2;2Δ6CT
homotetramers. While in the case of BvPIP2;2Δ6CT,
the four short CTs accommodate between monomers

and no close contacts with loopD of adjacent mono-

mers can be visualized, interactions between long CTs

and their adjacent loopDs were present in BvPIP2;2.

To estimate the structure flexibility of the three cyto-

plasmatic elements, that is, NT, CT, and loopD, both

in BvPIP2;2 and in BvPIP2;2Δ6CT, we calculated

local root-mean-square deviation (RMSD) along the

simulations, as an indicator of mobile region flexibili-

ties. Results displayed in Fig. 5B show that CTs and

NTs present high, and variable among chains, RMSD

values in comparison with loopDs for both systems.

To better describe the interactions of loopDs with

adjacent domains, we calculated the radial distribu-

tion function (RDF) of CT atoms centered in H202

(pH sensor). We found that in BvPIP2;2 model, the

H202 located in chain A presented a higher density of

contacts at lower radial distances than H202 of the

other chains (Fig. 5C). No similar behavior for a

H202 in BvPIP2;2Δ6CT model was detected for any

of their four chains. This particular behavior of

H202chainA makes this monomer (and its adjacent

neighbor CT) an attractive model to study possible

molecular explanations for the experimental results

discussed in previous sections.

Hence, we surveyed the microenvironment charac-

teristics of chain A pH sensor (H202chainA) in

BvPIP2;2 and BvPIP2;2Δ6CT systems. Interestingly, in

the case of BvPIP2;2, H202chainA interacts with resi-

dues of the distal part of the CT of an adjacent mono-

mer (chain D); these interactions are absent in

BvPIP2;2Δ6CT model. Fig. 6A shows representative

snapshots where the area of interest and contacts

above mentioned are illustrated.

In particular, H202chainA presents contacts with resi-

dues R285, S286, S287, and A288 of chain D. These

contacts are not significantly modified with the proto-

nation state of H202 (Fig. 6B). In the case of

BvPIP2;2Δ6CT, only minor interactions among

H202chainA with residues of the proximal CT are

found. Accordingly, solvent accessible surface area

(SASA) values along the simulation show that

H202chainA in BvPIP2;2 is much less solvent accessible

than in BvPIP2;2Δ6CT (Fig. 6C).

Analyzing together the data obtained from homote-

tramer trajectories, it emerges that the last portion of

long CT may access conformations in which loopD is

affected. This kind of loopD-CT interaction was less

likely for the truncated system. To test whether long

CT contacts can alter H202chainA pKa (CT of chain D

affecting loopD of chain A), we performed titration

curves for this residue by means of continuous con-

stant pH molecular dynamics (CpHMD), both for

BvPIP2;2 and for BvPIP2;2Δ6CT. The calculated pKa

values for H202chainA of BvPIP2;2 and BvPIP2;2Δ6CT
were 4.96 � 0.72 (mean � SEM, n = 9) and

7.12 � 0.51 (mean � SEM, n = 5), respectively (Fig. 6

D). This shift toward alkaline values reflects the exper-

imental tendency reported in the in vitro experiments.

Clearly, the last 6 residues of one monomeric chain

can reach the loopD pH sensor of its neighbor chain

and establish crucial contacts that affect its environ-

ment. Probably, the last residues of long CT could act

as a shield (steric and maybe also electrostatic) on

H202 causing its pKa modification.

Environment of pH sensing residues is also

affected in heterotetrameric models

In previous work, it was shown that co-expression of

BvPIP2;2 with BvPIP1;1 produces a rightward shift of

the pH response curve for water transport, altering

the pH0.5 from approximately 6.45 for the case of the

expression of BvPIP2;2 alone, to 6.80 for the

BvPIP2;2-BvPIP1;1 co-expression [11,22]. We won-

dered if this pH0.5 shifting could have been the
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consequence of pH sensors not being shielded by CT

as shown above. We prepared a heterotetrameric

model of BvPIP1;1 and BvPIP2;2 in a 3:1 stoichiome-

try, with 3 molecules of BvPIP1;1 and 1 of BvPIP2;2,

that is, 3 short CT or “PIP1 type” and 1 long CT or

“PIP2 type.” The PIP1 complete models were con-

structed following a similar procedure to PIP2. From

the four kinds of available PIP2 models, we decided to

use the one with the conformation where contacts

among CT and loopD were detected. Conformational

sampling of BvPIP1;1 and BvPIP2;2 CT in the 3:1

heterotetramer is shown in Fig. 7A. RDF profile for

the four chains shows clearly that all H205 (equivalent

to PIP2 H202) have lower contact density at less than

10 Å in comparison with H202chainA in the BvPIP2;2

homotetramer, including H205chainA that is next to the

BvPIP2;2 long CT in the bent conformation (Fig. 7B).

Accordingly with this lack of contacts between adja-

cent BvPIP1;1 loopD and BvPIP2;2 CT, the calculated

pKa value for H205chainA was 7.31 � 0.47 (mean �
SEM, n = 4) (Fig. 7C). Again, the shift toward alka-

line values detected here is in accordance with all pre-

vious experimental tendencies of pH dose–response
curves of PIP2-PIP1 heterotetramers [10,11,22]. It is

Fig. 5. Conformational sampling of intracellular flexible regions in PIP tetramers. (A) Intracellular view of BvPIP2;2, BvPIP2;2Δ6CT
homotetramers showing CTs and loopDs in a multiframe representation. For each monomeric CT, chain is color coded: A blue, B red, C

yellow, D green. Monomeric loopD has a lighter version of the corresponding chain color. Model renders were obtained with VMD

software. (B) RSMD plots for CTs, loopDs, and NTs of BvPIP2;2 and BvPIP2;2Δ6CT. Bar colors indicate the corresponding chain as in (A).

(C) Radial distribution function of CT atoms computed for each H202, accounting for CT atoms presence probability density around each pH

sensor. Atoms from every CT were considered when calculating RDF for each H202. RDF curves corresponding to each H202 are color

coded as in (A).
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Fig. 6. Interaction of loopD H202 and CT. (A) Snapshot from BvPIP2;2 and BvPIP2;2Δ6CT simulations showing main contacts among

loopDchainA (in magenta) and CTchainD (in green). The side chains of the H202 and contacting residues are shown as sticks. Model renders

were obtained with VMD software. (B) Contact relative frequencies among H202 and the last CT residues for BvPIP2;2Δ6CT, BvPIP2;2-H+
(H202 protonated), and BvPIP2;2. (C) Solvent accessible surface area (SASA) for H202chainA in BvPIP2;2Δ6CT, BvPIP2;2-H+, and BvPIP2;2.

Lower and upper boundaries of the box indicate 25th and 75th percentiles, respectively, while whiskers indicate 10th and 90th percentiles.

Central line indicates 50th percentile, and mean is marked with a + sign. 8000 data points obtained from each MD trajectory were

considered for statistics in panels (B) and (C). (D) Calculated pKa values for H202chainA after titration curves by CpHMD in for BvPIP2;2Δ6CT
(n = 5) and BvPIP2;2 (n = 10) reported as pKa � SEM. Student’s t-test was used to calculate the statistical difference between

BvPIP2;2Δ6CT and BvPIP2;2 (**, P < 0.01).

Fig. 7. Conformational sampling of intracellular flexible regions in PIP tetramers. (A) Intracellular view of 3 : 1 BvPIP1;1-BvPIP2;2 showing

CT and loopD multiframe representation. BvPIP2;2 monomer is colored in violet while BvPIP1;1 monomers are colored in light orange. For

each monomeric CT, chain is color coded: A blue, B red, C yellow, D green. Monomeric loopD has a lighter version of the corresponding

chain color. Model renders were obtained with VMD software. (B) Radial distribution function of CT atoms computed for each H202. Atoms

from every CT were considered when calculating RDF for each H202 in the 3:1 BvPIP1;1-BvPIP2;2 heterotetramer. RDF curves

corresponding to each H202 are color coded as in (A). RDF for BvPIP2;2 H202chainA is shown as a black dashed line for the sake of

comparison. (C) Calculated pKa values for H205chainA after titration curves by CpHMD in for 3:1 BvPIP1;1-BvPIP2;2 (n = 4) in comparison

with BvPIP2;2 (n = 10), reported as pKa � SEM. Student’s t-test was used to assess the statistical significance of the differences

(**, P < 0.01).
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important to stress that in this case, BvPIP2;2 CT is

long and can reach adjacent BvPIP1;1 loopD, but

being part of a heterotetramer, BvPIP2;2 CT distal

region moves away from its adjacent loopD. This long

CT behavior can be explained by the absence of other

long CT nearby or by particular contacts established

with BvPIP1;1 NT, a region that is quite different

from BvPIP2;2 NT, both in sequence and in length.

The detailed participation of NT in PIP pH gating

goes beyond this research, and we hope it can be dis-

closed in future works. However, all our results taken

together suggest that, only when pH sensor is interact-

ing with a long CT, the open/close transition in PIP

channels can occur at quite acidic pH values as 6.4.

Discussion

The aim of this work was to elucidate two issues pend-

ing clarification in the field of plant aquaporins: i—is

PIP2 CT actually involved in pH gating? and ii—is the

difference in length between PIP2 and PIP1 CT rele-

vant for pH gating of PIP2 homo- and PIP1-PIP2

heterotetramers? Our study shed light on both ques-

tions. We demonstrate that the length of PIP2 CT and

the positive charge located among its last residues are,

at least, two of the factors that explain the pH at

which the transition open/closed occurs. We also pos-

tulate a molecular-based mechanism for the differential

pH sensing in PIP homo- or heterotetramers.

PIP2 CT is a short intracellular domain that can be

divided into two sections, a proximal part and a distal

part. The proximal portion is, in the closed state of

the channel, ordered and positioned between adjacent

monomers. Following the information provided by the

open conformation of SoPIP2;1, this proximal section

moves away from its position when the channel opens,

thereby allowing the movement of loopD. The distal

part of CT is the structural element that, as we showed

here, keeps PIP2 channels open until quite acidic

cytosolic pH values are reached. The absence of this

distal section (as in the truncated BvPIP2;2Δ6CT)
alters the pH dose–response curve approximately in

0.4 pH units. The distal CT presents the SFRS motif

—highly conserved among PIP2—and extra residues

that may vary depending on the isoform. The serines

in SFRS motif are phosphorylation targets and have

been linked to trafficking and/or water transport

increase of some PIP2 channels [24,25]. A role in gat-

ing was proposed for this CT serine: when dephospho-

rylated, it could be part of the network of interactions

that stabilize the closed state in all PIP2, and, when

phosphorylated, it drives monomeric channel opening

[6,19]. However, as mentioned before, the role of this

serine residue was questioned, at least as a general rule

in PIP2 gating, since mutation of the equivalent S277

to alanine in NtPIP2;1 did not affect the closure of

this channel at pH 6 [20]. Also, the mutation of S274E

in SoPIP2;1 did not render open channels and their

loopD was found to adopt the same conformation as

in the wild-type closed structure [19]. Recently, the

phosphorylation of CT serines in AtPIP2;1 has been

also pointed, together with another still unidentified

site, as involved in the activation of the cation conduc-

tance (probably) through the central pore of PIP

homotetramers [25,26]. Here, we showed that S283 in

BvPIP2;2, the equivalent to S274 in SoPIP2;1, can be

replaced by alanine without altering proper plasma

membrane localization, water transport in the open

state, or pH gating in Xenopus laevis oocytes. Interest-

ingly, we found that instead of serine, the arginine

residue in the SFRS motif was involved in pH sensing.

Arginine is likely permanently positively charged, so

R285A mutation shows that not only the length but

the charge of distal CT is critical for pH gating.

Through computational inspection on complete PIP

models, we detected that possible conformations of CT

distal part can interact with loopD, in particular with

the pH sensor H202, and that the pKa of this sensor

can be influenced by these interactions. Based on these

data, we proposed that the last 6 residues of one

monomeric BvPIP2;2 CT can adopt positions of close

spatial proximity with an adjacent monomeric loopD

acting as an electrostatic shield on pH sensor residues

of loopD. So, a quite acidic cytosolic pH is needed to

close this channel.

We checked whether BvPIP1;1 CT had a similar

effect as that obtained with shorten BvPIP2;2 CT on

gating, by constructing the chimeric channel

BvPIP2;2CT1;1. The homotetrameric form of this chi-

meric protein was not functional when expressed

alone. Other similar chimeric PIP2 have been reported

previously. The activity reported for two of these con-

structs was almost null or lower in comparison with

their corresponding wild-type PIP2 (chimeric Nico-

tiana tabacum PIP2;1 assayed in proteoliposomes—
named P2_(C)A1— [27] and chimeric Hordeum vulgare

PIP2;4_12NC expressed in Xenopus laevis oocytes

[28]), and in the third case, water transport was not

assayed (Zea mays PIP2;5Cter1;2 expressed in maize

mesophyll protoplast [29]). We do not discard a speci-

fic regulation for these artificial channels depending on

the sequence and expression system. Withal, in our

case, the co-expression of BvPIP2;2CT1;1 with

BvPIP1;1 or BvPIP2;2 allowed inferring information

about the chimeric channel showing that in this condi-

tion, it was fully functional. The interaction of
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BvPIP2;2CT1;1 with both BvPIP1;1 and BvPIP2;2 ren-

ders heterotetramers with a shifted pH0.5 in compar-

ison with BvPIP2;2 homotetramers, but at a different

extent. Interestingly, in BvPIP2;2CT1;1-BvPIP1;1 co-

expression, where all CT are short, pH0,5 is ~ 6.8, but

in BvPIP2;2CT1;1-BvPIP2;2 co-expression, with a

mixed population of long and short CT, pH0,5 is ~6.6.
This last result contrasts with the higher pH0.5 value

found for BvPIP2;2-BvPIP1;1 heterotetramers (~ 6.8)

[11,30]. We suspect that, in heterotetramers, PIP1 NT

plays a role on PIP2 long CT detaching from a neigh-

boring loopD, a function that PIP2 NT cannot accom-

plish. The MDS and CpHMD results obtained for the

3 : 1 BvPIP1;1-BvPIP2;2 heterotetramer confirm that

even when one long or “PIP2 type” CT can reach the

adjacent monomeric loopD, interactions found in PIP2

homotetramers are lost and pH sensor pKa is similar

to the obtained with short CT. This hypothesis about

the putative PIP1 NT mechanism of action on

heterotetramers gating deserves additional experiments

and goes beyond the scope of this work.

In summary, the main output of the set of experi-

ments presented here is that: (a) the open/closed tran-

sition in PIP tetramers occurs at a quite acidic pH

(~ 6.4) only when all CT are long, or “PIP2 type”, (b)

if all CT are short, the open/closed transition occurs at

alkaline pH values (~ 6.8), and (c) when mixed long

and short CT are present in the tetramers, the open/-

closed transition presents a shift in pH0.5 (~ 6.6 to

~ 6.8 depending on the kind of NT in the tetramer).

All homotetrameric PIP2 channels whose pH gating

has been tested show a similar acidic pH0.5 except for

AtPIP2;1 [4,11,22,31–33]. It is difficult to anticipate

conclusions regarding this difference, but interestingly

pH gating for this channel was assayed in proteolipo-

somes and not in a cellular context. The possibility of

a calcium-binding site in PIP2 CT was proposed after

finding Cd2+ ions in the crystal structure of SoPIP2;1-

Hg preparations, and it was suggested that this cation

could play a role in the stabilization of closed confor-

mation by connecting CT with loopD [5].

As mention before, phosphorylation of CT serines

was shown to be involved in trafficking and regulation

of water and ion transport [24,25,34]. And interest-

ingly, interactome studies discovered that some PIP

CT behaves as a platform for recruitment of a wide

range of regulatory proteins both activating and

inhibiting water transport [35,36]. All these reports in

combination with our results point to a dual role of

PIP CT in protein–protein interaction and gating.

Regarding gating, while its presence is not necessary to

guarantee the open/closed transition, the distal part of

PIP2 C-terminal region modulates the channel pH

sensor and plays a direct role in defining the degree of

cytosolic acidification at which PIP channels get

closed. So, channel opening would occur under quite

acidic pH values in most homotetrameric PIP2 chan-

nels, while PIP2-PIP1 heterotetramers or PIP2

homotetramers whose distal CT is compromised in

interactions that interrupt pH sensor shielding will

close at mildly acidic conditions. Future work would

clarify how the multiple signals shown to impact in

CT functionality operate in the different biological sce-

narios a plant cell can go through.

Materials and methods

Sequence retrieval, alignments, and generation

of sequence LOGOs

Aquaporin protein sequences of BvPIP2;2 and BvPIP1;1

were used as query to search against plant genome data-

bases including Phytozome (www.phytozome.net) and

NCBI (www.ncbi.nlm.nih.gov) using BLASTP. Aquaporins

from thirty-four different plants were considered (Arabidop-

sis lyrate, Arabidopsis thaliana, Beta vulgaris, Brachy-

podium distachyon, Cenchrus americanus, Cucumis sativus,

Fragaria vesca, Fragaria x ananassa, Glycine max, Hedy-

chium coronarium, Hevea brasiliensis, Hordeum vulgare,

Lotus japonicus, Malus domestica, Medicago truncatula,

Musa acuminata, Nicotiana tabacum, Oryza sativa, Phaseo-

lus vulgaris, Physcomitrella patens, Picea abies,

Picea sitchensis, Populus trichocarpa, Prunus persica, Rici-

nus communis, Selaginella moellendorffii, Setaria itálica,

Solanum tuberosum, Sorghum bicolor, Spinacia oleracea,

Theobroma cacao, Triticum aestivum, Vitis vinı́fera, Zea

mays), and 111 sequences from PIP2 and 119 from PIP1

were included in the analysis. Seqkit was used to eliminate

the repeated sequences [37]. For each group, protein

sequences were aligned using Clustal implemented in Jal-

view [38]. The length of CT was determined based on the

crystal structure of SoPIP2;1 (1Z98) and sequence align-

ment, taking the GLN270 as the first residue of the domain

in BvPIP2;2.

DNA constructions

BvPIP2;2 and mutants were subcloned into pT7T-derived

vector as detailed previously [11,22]. The chimeric protein

BvPIP2;2CT1;1 was created by two-step PCR. The

BvPIP1;1 CT that replaces BvPIP2;2 CT was determined by

sequence alignment, and residues following BvPIP2;2

GLN270 were replaced by the corresponding BvPIP1;1 CT

residues. Truncation of the BvPIP2;2 CT was performed by

one-step PCR using primers overlapping the deleted

sequence. Mutants encoding BvPIP2;2R285A and

BvPIP2;2S283A were obtained by site-directed mutagenesis
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using custom-made oligonucleotide primers. The primers

used are listed in Table 1. All the constructs were verified

by DNA sequencing (Macrogen Inc., Seoul, Korea).

In vitro RNA synthesis, oocyte isolation, and cell

injection

The capped complementary RNA (cRNA) encoding

BvPIP1;1, BvPIP2;2, and mutants was synthesized in vitro

using the mMESSAGEmMACHINE T7 High Yield

Capped RNA Transcription Kit (Ambion, Austin, Texas,

USA) or with mMESSAGEmMACHINE T7 High Yield

Capped RNA ULTRA Transcription Kit (Ambion, Austin,

Texas, USA). Agarose gel electrophoresis and Gel Red

(BioAmerica Biotech Inc., Miami, Florida, USA) staining

were used to check the absence of unincorporated nucleo-

tides in the cRNA in each in vitro cRNA synthesis. The

synthesized products were quantified using BioTek’s

Gen5TM microplate reader (BioTek, Winooski, Vermont,

USA). The cRNA was suspended in RNAse-free water and

stored at −20 °C until use. At least two independent cRNA

syntheses were assayed. Xenopus laevis (Nasco, Fort Atkin-

son, Wisconsin, USA) defolliculated oocytes (stage V–VI)
were used for expression of different PIP channels. Isola-

tion and maintenance of oocytes were carried out as previ-

ously described [11,32]. Each oocyte was microinjected

(Drummond Scientific Co, Broomall, Pennsylvania, USA)

with 50 nL of a solution containing a proper amount of

cRNA (5-15 ng). All injected oocytes were kept during 72 h

at 18 °C in ND96 buffer solution (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) supplemented with 1 g�L−1

gentamicin (GIBCO, Waltham, Maryland, USA) at 18 °C
before performing the experiments.

Water transport assays and pH dose–response
experiments

The osmotic water permeability (Pf) of oocytes injected or

noninjected with cRNA was determined by measuring the

rate of oocyte swelling as previously described [11,32]. Pf

was calculated according to Zhang & Verkman [39]. For

pH inhibition experiments, the oocyte internal (cytosolic)

pH was modified following a protocol optimized previously

[4]. Briefly, the internal pH of oocytes was acidified by pre-

incubating them for 20 min in different acetate solutions

(50 mM sodium acetate, 20 mM MES for the 5.8–6.8 pH

interval, or HEPES for the 7.0–7.4 pH interval), supple-

mented with mannitol 1 M until the desired osmolarity was

achieved (~ 200 mOsmol�kg−1 H2O). The internal pH was

then calculated following the calibration performed in Bel-

lati et al. [22]. Briefly, BCECF B-1151 (Molecular Probes,

Eugene, Oregon, USA) was injected into oocytes (100 μM).
Fluorescence ratio (490/440 nm) was acquired with a Nikon

TE-200 Epifluorescence Inverted Microscope. Calibration

curve was generated by incubating oocytes with different

sodium acetate pH solutions. The swelling response was

induced by transferring the oocytes to a 5-fold dilution of

the solution of incubation. Relative Pf was obtained by the

equation:

RelativePf ¼
Pf�meanP fpH6:3

� �
meanP fpH7:2�meanP fpH6:3

�100

Relative Pf values are used to discard any possible differ-

ence in the translating rate or membrane insertion rate

among the mutant and the wild-type channels that can

cause functional data to be misinterpreted. For pH dose–
response curves, the empirical sigmoidal function was used:

RelativePf ¼Pfminþ
Pfmax�Pfmin

� �

1þ10 pH0:5�pHintð ÞnH
� �

Relative Pf was fitted to experimental data by nonlinear

regression, where Pfmax and Pfmin are the asymptotic maxi-

mal and minimal values of relative Pf, pH is the experimen-

tal internal oocyte pH, pH0.5 is pH at with the water

permeability change is half-maximal, and nH is an empirical

coefficient representing the curve sigmoidicity. Noninjected

oocytes were used as negative controls because no significant

differences were found between this condition and water-

injected oocytes. All dose–response curves shown in figures

are representative of at least three different experiments (i.e.,

results from experiments performed with different oocyte

Table 1. Primers used to construct BvPIP mutants.

Primer name Direction Sequence (5´–3´) DNA Construction

Fw BvPIP2;2 Forward GGGAGATCTATGACCAAGGATGTGGAAGCAGTTTC BvPIP2;2Δ6CT and BvPIP2;2CT1;1

SpeI-BvPIP2;2CT_R Reverse GGACTAGTTTATCCTAGAGCTTTGATTGCACCAGCTC BvPIP2;2Δ6CT
BvPIP2;2CT1_A Reverse TGGAATTGCCCTGATCACCACTGTGTGGTAAAATGCTGCAATTGC BvPIP2;2CT1;1

BvPIP2;2CT1_B Reverse GGACTAGTTTACGACTTGGACTTGAATGGAATTGCCCTGAT BvPIP2;2CT1;1

Fw_BvPIP2;2R285A Forward GCTCTAGGATCCTTCGCTAGCTCTGCTTAA BvPIP2;2R285A

Rev_BvPIP2;2R285A Reverse TTAAGCAGAGCTAGCGAAGGATCCTAGAGC BvPIP2;2R285A

Fw_BvPIP2;2S283A Forward GCAATCAAAGCTCTAGGAGCCTTCAGGAGCTCTG BvPIP2;2S283A

Rev_BvPIP2;2S283A Reverse CAGAGCTCCTGAAGGCTCCTAGAGCTTTGATTGC BvPIP2;2S283A
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batches were not pooled). The osmolarities of all solutions

used were determined using a Vapor Pressure Osmometer

(5600C Wescor Inc., Logan, Utah, USA).

Computational methods

Model construction

The BvPIP2;2 model was built in several steps from

SoPIP2;1 closed conformation crystallographic structure

(PDB 1Z98). Initially, the last 7 residues of SoPIP2;1 (distal

CT) were modeled by comparative and homology modeling

using Modeller [40] on a preheated structure. This step pro-

duced a tetramer with 4 unique distal CT conformations,

one for each monomer. Secondly, the very first 34 residues

of SoPIP2;1 (NT) were modeled on Robetta web server

[41], isolated from the rest of the protein. This step pro-

duced 5 models from which we picked the 4 with the best

scores. These 4 models were thermalized independently and

ran in a MD simulation performed in explicit solvent

(TIP3P water) and ions (NaCl 0.15 M) for 5 ns. These mod-

els were carefully done including 11 residues already pre-

sent in the full structure in order to ease the following step.

Thirdly, the NT models were attached to the tetramer

obtained in the first step, which already had a full-length

CT. The NT attachments were carried out by fitting those

11 residues present in both NT and tetramer models.

Finally, BvPIP2;2 model was obtained by homology model-

ing using the full-length SoPIP2;1 as a template in the

Swiss Model web server [42]. This model was embedded in

a fully hydrated 124 × 124 Å POPC bilayer using the mem-

brane builder tool provided in the CHARMM-GUI web

server[43]. BvPIP2;2Δ6CT was built from the full-length

BvPIP2;2 model by deleting the last 6 residues from each

monomer. BvPIP2;2-BvPIP1;1 heterotetramer was built by,

firstly, obtaining an BvPIP1;1 homotetramer through

homology modeling with Swiss Model, using the herein

obtained BvPIP2;2 model as a template. The first 2 and the

last 2 residues from each monomer were added with

PyMol, using the Build tool, as Swiss Model was not able

to model those residues. Finally, BvPIP1;1 and BvPIP2;2

homotetramers were aligned in PyMol and the desired

monomers were deleted to obtain a 3:1 heterotetramer.

This model was then embedded in a POPC bilayer as

described above. Every model render was obtained with

VMD software [44].

Plain molecular dynamics simulations

Four replicate simulation runs of 100 ns each were carried

out for all systems (BvPIP2;2, BvPIP2;2-H+,
BvPIP2;2Δ6CT, and BvPIP1;1-BvPIP2;2 heterotetramer).

Initial coordinates for each replica were taken from evenly

distributed snapshots of an independent 80-ns simulation.

For BvPIP2;2 and BvPIP2;2-H+ simulations, the same set

of initial snapshots was used. All plain molecular dynamics

simulations were performed as described previously in

Canessa Fortuna et al. [18]. Briefly, systems were mini-

mized prior to heating stages. Heating was carried out

under weak harmonic constraints from 0K to 303K. There-

after, constrain-free molecular dynamics simulations were

run in an NPT ensemble with full periodic boundary condi-

tions. Nonbonded interactions were simulated with a cutoff

of 10 Å. Particle Mesh Ewald was used for long range elec-

trostatic interactions. All simulations were performed with

AMBER18 MD package [45] and parameters from

AMBER14SB and LIPID17 force fields [46,47]. Trajectory

analysis involving contacts, SASA, RDF, and RMSD was

carried out in CPPTRAJ trajectory analysis tool from the

AmberTools package. The solvent-accessible surface area

(SASA) calculations were computed using linear combina-

tion of pairwise overlaps (LCPO) algorithm. MDLovofit

[48] fit was performed prior to RMSD analysis. For those

analyses, the last 19, 13, and 13 residues were considered as

CT for BvPIP2;2, BvPIP2;2Δ6CT and BvPIP1;1, respec-

tively. Contact relative frequency was calculated as it pro-

vides information about the probability of a certain

interaction. This was computed as the total contacts along

the simulated trajectory divided by the total number of

frames. A certain contact in a simulation frame was com-

puted if the shortest distance between the aforementioned

residues was less than 5 Å. Only contacts shorter than 5 Å

were considered for analysis. For RDF analysis, atoms

from every CT were taken into account to compute atom

presence probability density as a function of radial distance

to each H202 (or H205) in the tetramer.

Constant pH simulations and titration curves

Continuous constant pH molecular dynamics simulations

(CpHMD) were performed to assess the pKa of the pH sen-

sor, that is, H202 in both BvPIP2;2 and BvPIP2Δ6CT. This
sampling method allows to change the protonation state of

an amino acid along a molecular dynamics simulation. The

protocol was adapted from Socher & Sticht [49]. Briefly, the

proteins are simulated at constant pH, then solvent pH is

increased, and a new simulation is restarted at the new pH,

using coordinates and velocities from the previous simula-

tion as an input. In each simulation, protonation state

change is attempted every 50 steps using Monte Carlo sam-

pling of the Boltzmann distribution of protonation states as

implemented in the AMBER package. Deprotonated frac-

tion (fd) at each pH is then calculated from the outcome of

each Monte Carlo step, and pKa was calculated as a fit

parameter of the following Hill equation:

fd pHð Þ¼ 1

1þ10n pKa�pHð Þ

We used 0.25 pH units increments and 1-ns simulations

for extreme pH and 0.1 pH units increments and 5-ns
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simulations for the transition pH, for the sake of a better

sampling in the transition.

Statistics

Results are reported as means � SEM. Significant dif-

ferences between groups were calculated, according to

need, using a two-tailed Student’s t-test or one-way

ANOVA followed by Dunnet multiple comparison test

with GRAPHPAD Prism 6.
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