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Abstract

The use of in vitro membrane vesicles is attractive because of possible applications in thera-
pies. Here we aimed to compare the stability and functionality of plasma membrane vesicles
extracted from control and salt-treated broccoli. The impact of the amount of aquaporins
was related to plasma membrane osmotic water permeability and the stability of protein sec-
ondary structure. Here, we describe for first time an increase in plant aquaporins acetylation
under high salinity. Higher osmotic water permeability in NaCl vesicles has been related to
higher acetylation, upregulation of aquaporins, and a more stable environment to thermal
denaturation. Based on our findings, we propose that aquaporins play an important role in
vesicle stability.

Introduction

In recent years, high importance has been given to membrane vesicles due to the potential
application as carriers in therapies. This vesicles coming from plasma membrane, called extra-
cellular vesicles (EVs) has been reported as fundamental for intercellular communication [1].
The discoveries demonstrating that EVs are involved in a large number of metabolic regula-
tions have driven further investigation of their precise role in each cellular and tissue function-
ing. In the same way, after isolation, the putative use as biomarkers, as vaccines, or as drug
delivery are under investigation as for example the vesicles obtained from mouse mesenchymal
stem cells that appeared to be effective in the suppression of hypoxia-induced inflammation
[2]. However, the development of the EV's production from animal cells should be taken with
care when in vitro animal culture cells are used due to their associated oncogenic potential [3].
In addition to being an important crop with high economic returns, Brassica crops might
represent a source of agronomical by-products. For example, the marketable production of
broccoli represents only 25% of its total biomass, the remaining by-product 75% (about
500.000 tons) consists of leaves and stems without commercial or economic value, involving
additional agricultural waste management costs for farmers. Therefore, the derived by-prod-
ucts could be an important source of different biomolecules with industrial applications [4].
Recently, we found that chemical changes appeared in the plasma membrane of Brassica leaves
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and roots in relation abiotic stress resistance [5]. The response of the plasma membrane in
lipid composition was related to the maintenance of protein functionality and permeability.
Also, the higher amount of proteins was related to increases in ion and water transport that
will determine a maintenance of cell homeostasis. Furthermore, Brassica oleracea isolated
plasma membrane vesicles are more thermodynamically stable [5] and, thus, more suitable for
storage due to its lipid and protein composition (therefore affecting its physical properties)
than others from plants such as Cakile maritima or Capsicum annum [6]. Those results sug-
gested that the lipid/protein ratio, degree of saturation, and sterol composition in relation to
the application solution and target tissue for the design of proteoliposomes. This need is driv-
ing studies of membrane vesicles and their use for biotechnological applications [7]. The most
important key of the EVs is the protein contents. Therefore, the study of their protein compo-
sition and functionality is the future area of research.

Aquaporins are membrane proteins that belong to the major intrinsic protein (MIP) family.
Aquaporins appeared in all living organisms, in which they function mainly as water channels,
but small neutral solutes (urea, silicon, boron, hydrogen peroxide) or gases (ammonia and car-
bon dioxide) are also transported. Aquaporins in plants have been classified into different sub-
families according to their sequences and cellular locations: the plasma membrane intrinsic
proteins (PIPs), tonoplast intrinsic proteins (TIPs), NOD26-like intrinsic proteins (NIPs) and
small, basic intrinsic proteins (SIPs), the GlpF-like intrinsic proteins (GIPs), hybrid intrinsic
protein (HIP), and the uncategorized X intrinsic protein (XIP) [8].

The aquaporin selectivity to substrate was determined by the conserved NPA motifs and
amino acid residues including the ar/R (aromatic/arginine) region. The conserved NPA
box was responsible for water molecules selectivity [8], which resulted highly conserved in the
subfamilies PIPs and TIPs. However, variable motifs have been observed in the NIP or SIP
subfamilies determining preference for other substrates rather than for water [9]. In fact, NIPs
have less water transport activity, but higher permeability to small organic molecules and min-
eral nutrients than PIPs and TIPs [10,11]. In addition to water PIPs also transport glycerol,
CO,, H,0, and urea. In TIPs subfamily the permeability of water was pointed out as their
main function, but TIPs also allow the pass of glycerol, urea, and ammonia. While NIPs, SIPs
have moderate water transport activity, XIPs work as multifunctional channels permeable to
water, metalloids and ROS [12].

Aquaporins are transmembrane channels, assembled in tetramers with a molecular mass of
25 and 30 kDa per monomer [13]. The aquaporins provide to whole plant, but firstly to roots,
to adapt to changeable environmental conditions altering permeability of membranes. There-
fore, pharmacological and overexpressing/knockout aquaporins experiments have pointed the
importance of this proteins in root water uptake [14-16]. The study of the contribution of
each individual aquaporin (isoforms) to root water uptake and to its regulation is under study,
but it has been reported in our previous works that in broccoli the level of transcripts was
higher under salinity stress conditions [17].

In 2013, aquaporin-reconstituted proteoliposomes were designed and produced for water
purification filters. From these preliminary nanofiltration results, these polymerized vesicles
were shown to be stable under pressure and stirring shear [18]. Therefore, in addition to facili-
tating water transport, aquaporins could be key players in membrane stabilization in vitro.
Membrane vesicles from Brassica species, which are rich in aquaporins, have been extracted
using a patented method (PCT/ES2012/070366) [19] for use in industrial applications. How-
ever, little is known about how molecular interactions (between lipids and proteins) affect the
life-storage time of plants. Therefore, the study of stable natural Brassica vesicles enriched in
proteins (aquaporins) will be useful for several applications.
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Here, we investigated the effect of increased aquaporin content on the stability of broccoli
extracted vesicles. Also, the pool of aquaporins was related to the osmotic water permeability
of the vesicles and the stability of the plasma membrane protein secondary structure. PIP acet-
ylation was identified under high salinity and the potential role of this modification as a pro-
tective mechanism against protein degradation is discussed.

Material and methods
Plant growth

Seeds of broccoli (Brassica oleracea L. var. Italica cv Naxos) were germinated and cultivated as
previously reported in Muries et al. [8] with some modifications. The pre-hydration with de-
ionized water in continuous aeration was carried out for 24 h. The seeds were germinated in
vermiculite in the dark at 28°C for two days and the sprouts were then transferred and culti-
vated in hydroponic solution in a controlled-environment chamber. After two weeks of growth,
an osmotic shock (12 dS m™") as 100 mM NaCl treatment was applied to half of the plants. The
roots were harvested for plasma membrane isolation after another two weeks of growth.

Plasma membrane isolation

Root plasma membranes were purified using the two-phase aqueous polymer technique first
described by Larsson et al. [20] and modified by Casado-Vela et al. [21]. The purity of the
plasma membrane preparation was estimated by measuring the enzymatic activities of the
plasma membrane and other organelles [22].

Size of vesicles

The average size of the vesicles was checked using light-scattering technology; through inten-
sity measurements with a Malvern ZetaSizer Nano XL machine (Malvern Instruments Ltd.,
Orsay, France), as previously described [23]. This allowed the analysis of particles with sizes
ranging from 1 nm to 3 pm.

Total protein degradation

The protein concentration was assayed by the Bradford method [24] using bovine serum albu-
min as standard. To test resistance to degradation, the vesicles were stored at 4°C for 7 days.
The concentration of proteins was measured every day after centrifugation at 100,000 g for 30
min to ensure precipitation of integral vesicles.

Stopped-flow light scattering

The osmotic water permeability (Py) was measured by the velocity of the volume adjustment of
the membrane vesicles after changing the osmotic potential of the surrounding media. The
volume of the vesicles was followed by 90° light scattering at Aex = 515 nm. Measurements
were carried out at 20°C in a PiStar-180 Spectrometer (Applied Photophysics, Leatherhead,
UK), as described previously [25]. The vesicles were stored at 4°C for 4 days to test their resis-
tance to degradation. Pf was measured every day.

Gel electrophoresis

A volume of the plasma membrane-enriched preparation corresponding to 50 ug was resolved
on a 12% SDS-PAGE gel using a Mini-PROTEAN gel electrophoresis system (Bio-Rad) at 100
V/h. The gel was stained with Bio-Safe Coomassie G-250 (Bio-Rad) for 1 h.
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Endoprotease in-gel digestion and protein identification

The gel bands corresponding to PIPs (monomers and dimers) from three SDS-PAGE gel lanes
were excised from the gel and pooled in a single vial for protein identification by HPLC-MS/
MS analysis, as it was previously described [12]. However, in this work, the results of root
membranes from control plants were compared with NaCl treated plants.

Gel electrophoresis and immunoblotting

Plasma membrane from the roots of broccoli plants was isolated as described above. Protein
(10 pg per lane) was loaded for 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) as described previously [17]. The BoPIP2 antibody was synthesized from the pep-
tides sequenced by high-resolution mass spectrometry [21]. The antibody was raised against
the 42 N-terminal residues of PIP1;1 from A. thaliana and the acetylated 14 N-terminus resi-
dues of B. oleracea var. Italica PIP1 (PIP1;1, PIP1;2 PIP1;3 and PIP1;4). Goat anti-rabbit IgG
coupled to horseradish peroxidase was used as the secondary antibody (dilution 1:20 000). A
chemiluminescent signal was developed using the West-Pico Super Signal substrate (Pierce,
Rockford, IL).

Infrared spectroscopy

The sample absorbance in the mid-IR region (400-4000 cm™") was measured in a 6700 Fou-
rier-transform infrared spectrometer (FTIR) (Madison, WI) equipped with a sample holder
thermostatized by a Peltier device (Proteus system from Nicolet). Plasma membranes were
centrifuged at 100,000 g for 35min at 4°C. The pellet was washed and centrifuged twice with
phosphate buffer 5 mM, 0.25 M sucrose (pH 6.5) prepared in *H,O and kept at 4°C overnight
before use to allow a complete H,0-*H,O exchange. Twenty microliter pellets (~30 mg protein
ml ™) were placed between two CaF, windows separated by 50 umTeflon spacers and trans-
ferred to a Symta cell mount. The equipment was continuously purged with dry air to mini-
mize the contribution peaks of atmospheric water vapor. For each spectrum, a total of 250
interferograms were collected with a nominal resolution of 2 cm™. Spectra were collected at
approximately 2°C intervals, allowing 5 min equilibration time at each temperature. The *H,0
buffer spectra taken at the same temperature were subtracted interactively using GRAMS/32
software (Galactic Industries, Salem, MA, USA), as described previously [26,27].

The secondary structure of the protein was quantified by curve-fitting of 8 components to
the amide I band using GRAMS/32 software (Galactic Industries, Salem, MA, USA).

The FTIR spectrum of proteins has a number of characteristic. Amide bands, which is due
to the vibration of the atoms involved in the peptide bond. Amide I and II absorption bands
are two major bands of the protein infrared spectrum in the region between 1800 and 1500
cm™. The Amide I band (1700-1600 cm ™) was obtained mainly from the C = O stretching
vibration (70-85%) having less contributions of the out-of-phase C-N stretching vibration
(10-20%), and it is the most intense band in proteins [28]. The Amide I band can be analyzed
by different procedures to obtain information about the presence of different secondary struc-
tures in the protein. In this work, the Amide I band has been decomposed into its constituents
by curve-fitting to quantitatively estimate the area of each component representing a type of
secondary structure [29]. A total of eight assignments to secondary structures has been made
to properly decompose the Amide I band. These eight components were centered at 1692 cm™*
(B-turns), 1680 cm™ (B-sheet), 1669 cm™ (B-turns), 1656 cm™* (ai-helix), 1644 cm™ (unor-
dered), 1632 cm™ (B-sheet), 1625 cm™ (unfolded), and 1615 cm™. A component with the low-
est contribution, previously assigned to Tyr side chain vibrations [30], was not been included
in the analysis.
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Data analysis

The statistical analyses were carried out using SPSS Release 18 for Windows. Tukey’s HSD test
at the P < 0.05 was chosen to determine significant differences between treatments. Small let-
ters on top of bars point the significant differences between treatments.

Results

The determination of the size of the root vesicles revealed a significant difference between con-
trols and roots obtained from NaCl treated plants (Fig 1). The size of vesicles from control
plants was higher than from NaCl treated plants (340 nm vs. 309 nm). Also, the variability in
the size of the control vesicles was higher than vesicles from the NaCl treated plants.

To determine the integrity of the vesicles, the capacity for water transport of isolated vesi-
cles form plasma membranes of broccoli roots was measured after 0 to 3 days of storage at
4°C. For that, osmotic water permeability values (Py) were measured for purified plasma mem-
brane vesicles, using stopped-flow light scattering [31,32]. We found that there was a slight
increase with the NaCl treatment on the Py values, compared to the control at 0 h (Fig 2). The
highest Pywas obtained in the NaCl treatment samples in all times of measurement. The Pyof
the NaCl treated samples becomes significantly different from the control after 1 d, and this
difference becomes progressively greater throughout the storage period.

The concentration of proteins in the vesicles was also measured after 0 to 7 days of storage
at either 4°C or 25°C. The protein stability was expressed as the percentage relative to the ini-
tial protein concentration (Fig 3). At 4°C, a strong decrease (20%) was observed in root control

400
a
300 - =
200 -
100
Control NaCl

Fig 1. The average size of plasma membrane vesicles diameter from roots of broccoli control and 100 mM NaCl-treated
plants. Data are means + SE (n = 5, n = individual plasma membrane extraction with a protein concentration of 1 mg ml™").

https://doi.org/10.1371/journal.pone.0192422.9001
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Fig 2. Time course (days) of the osmotic water permeability (Py) of root vesicles at 4°C isolated from control and 100 mM
NaCl-treated plants. Data are means + SE (n = 30).

https://doi.org/10.1371/journal.pone.0192422.9002

vesicles after 3 d and 5 d. After 7 days, this decrease reached almost 50%. However, the NaCl
root vesicles showed no significant differences after 3 d compared to their concentration at the
initial time. At 25°C, a high decrease was observed for both control and NaCl after 3 days of
storage. However, again the decrease was higher in control vesicles than in the NaCl treated
vesicles for all time points.

Fig 4A shows the SDS-PAGE gel of plasma membrane proteins of control and NaCl treated
plants. Note the presence of a lower band of ca. 30 kDa, corresponding to the monomeric
form of PIPs, and an upper band of 60 kDa, corresponding to dimeric forms of PIPs. It can be
observed that the bands corresponding to the plasma membrane extraction from the NaCl
treated plants were denser than the control. We also introduced the use of Glu-C based on the
observation that AtPIPs include a relatively high number of Glu and Asp residues. The pep-
tides derived after each endoprotease digestion were analyzed by HPLC-MS/MS. As shown in
Table 1, similar aquaporin isoforms (Table 1) previously identified by Muries et al. [21] were
found after NCBI and SwissProt database searches. In addition to the PIPs, two TIPs (tono-
plast intrinsic protein), TIP 1;2 and TIP 2;3 were identified, which has also been observed in
previous proteomic studies of Arabidopsis leaf [33] and root [34] plasma membranes. Also, in
our samples, the NIP1;2, isoform, a plasma membrane-localized member, was identified in the
roots. Other proteins related to cell wall organization, signal transduction and secretory path-
way, transporters, protein regulation, and cell growth and differentiation were described
(Table 1).
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Fig 3. Protein degradation during 7d, at 4°C and 25°C, of broccoli root vesicles isolated from control and 100 mM NaCl-
treated plants. Data are means + SE (n = 30).

https://doi.org/10.1371/journal.pone.0192422.9003
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Fig 4. A) Purified plasma membrane (PM) proteins analysed in the roots of control and 100 mM NaCl-treated broccoli plants by 12% SDS-PAGE and stained with
Coomassie Brilliant Blue (B) Immunodetection of PIP1 and PIP1 acetylated homologues in the root PM of control broccoli plants and plants treated with 100 mM
NaCl. Total PM was separated by SDS-PAGE and probed with an antibody against AfPIP1;1 and BoPIP1 acetylated. Equal amounts of protein (10 ug) were loaded in
each lane. Mean values are shown (n = 3).

https://doi.org/10.1371/journal.pone.0192422.9004

The quantification of acetylated PIP1 aquaporins was carried out using Western blot analy-
sis. Only one band corresponding to 29 kDa (aquaporin monomer) was detected with PIPlac
antibody in control and NaCl treated plants (Fig 4B). However, the immunostaining intensity
corresponding to PIP1 was higher in the 100 mM NaCl- treated plants than in control plants.
Interestingly an strong increase in the acetylated PIP1 content in the salinity treatment was
observed, while under control conditions PIP acetylation was quite low.

To address the effect of the saline treatment on the plasma membrane integrity, the infrared
spectra of the samples were recorded at increasing temperatures from 24°C to 70°C to pro-
mote thermal denaturation of the proteins. The effect of heating, as well as the effect of salt
treatment with 100 mM NaCl on the shape of the Amide I band infrared spectra, is shown in
Fig 5. The frequency and shape of the Amide I band is determined by the backbone conforma-
tion and the hydrogen bonding pattern, and thus, it appears to be sensitive to the secondary
structure of the protein. In both control and salt-treated samples, the effect of heating up to
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Table 1. Proteins identified in the 30 kDa and 60 kDa bands of the plasma membrane proteins fraction of control and 100 mM NaCl-treated broccoli roots, roots
after database search, where A As are the number of aminoacids, coverage, the percentage of the protein sequence covered by identified peptides and peptides the

number of distinct peptide sequences in the protein group.

NCBI or Swiss Prot AAs |[MW(Da) | Description Coverage | Peptides
Accession
Cell Wall organization gi15225712 757 | 84206,29 | ATCSLBO02 Cellulose synthase-like B2 transferase 1,72 1
Signal transduction- Secretory gi18399786 440 | 49819,55 | ATPDIL5-2 (PDI-LIKE 5-2); thiol-disulfide exchange 3,18 5
pathway intermediate
gi18418600 512 | 56781,73 | protein kinase family protein 8,01 11
gi238621682 422 | 47615,14 | protein kinase-related 9,72 21
gi223549702 273 | 30797,22 | receptor protein kinase 10,62 6
gi229851673 302 | 32161,21 | universal stress protein UspA-like protein 5,30 5
gi79327256 223 | 25207,05 | SYP132 (syntaxin 132); SNAP receptor 7,62 1
gil46150661 208 | 22812,90 | resistance-gene-interacting protein 8,65 1
A5DXI9 362 | 41667,20 | Actin cytoskeleton-regulatory complex protein END3 3,87
Q8RY89 769 | 87347,74 | Phosphatidylinositol-4-phosphate 5-kinase 8 2,60 1
gi222476495 227 | 24634,86 | translation elongation factor 1 alpha 4,85 17
POC7R4 658 | 73842,98 | Pentatricopeptide repeat-containing protein 1,98 5
A3LPW2 511 | 59735,82 | Protein FYV10 1,96 1
Transporter
gi15228095 285 | 30433,68 | PIP 2;2 6,32 1
gi7209556 286 | 30523,99 | PIP 1;2 6,29 7
gi7209560 283 | 30100,45 | PIP 2;2 6,36 1
P30302 285 | 30409,69 | PIP2;3 3,86 16
gi62319319 67 7221,73 | PIP 2;1 16,42 7
gi15223438 286 | 30612,94 | PIP1;3 5,24 1
Q06611 286 | 30578,01 | PIP1;2 9,79 269
gi42572785 219 | 23312,92 | PIP 1;4 5,02 2
P61837 286 | 30668,98 | PIP1;1 16,08 351
gi332643653 253 25848.9 | TIP1;2 5,44 1
gi15238100 250 25245.6 | TIP2;3 5,08 1
gi32363340 294 31269.5 | NIP1;2 7,66 1
€i9858170 453 | 48693,44 | plasma membrane H+-ATPase 7,28 2
gi758250 951 | 104376,93 | H(+)-transporting ATPase 1,47 1
gi13366070 174 | 19094,94 | plasma membrane H+-ATPase 8,05 1
gi62321152 288 | 31550,48 | plasma membrane-type calcium ATPase 5,90 2
€i2911803 69 | 7093,90 | plasma membrane H+-ATPase 24,64 2
gi9971067 588 | 64826,99 | Nitrate transporter 2,89 1
081108 1014 | 110368,25 Calcium—transporting ATPase 2 1,68 2
P23980 704 | 77990,52 | Plasma membrane ATPase 2 1,99 3
P92935 618 | 67485,82 | ADP,ATP carrier protein 2 1,94 7
P19456 948 | 104334,99 | ATPase 2, plasma membrane-type 4,64 25
Q42556 954 | 105141,76 | ATPase 9, plasma membrane-type 2,41 7
P46032 585 | 64379,59 | Peptide transporter PTR2 2,22 1
P83970 951 | 104618,27 | Plasma membrane ATPase 2,42 3
P23586 522 | 57572,98 | Sugar transport protein 1 2,30
Q9SZN1 487 | 54270,67 | V-type proton ATPase subunit B2 2,87 1
082226 747 | 85386,45 | Cyclic nucleotide-gated ion channel 6 1,87 9
Cell growth and differentiation 2i8809602 159 | 17510,81 | ras-related small GTP-binding protein-like 10,69 2
Q39571 203 | 22584,48 | GTP-binding protein YPTC1 7,88 1
https://doi.org/10.1371/journal.pone.0192422.t001
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Fig 5. FTIR spectra of the Amide I band region of plasma membrane preparations in D,O solutions. Control plasma membrane at 24°C (thick solid line, a) and
70°C (thick dashed line, b), and plasma membrane treated with 50 mM NaCl at 24°C (thin solid line, ¢) and 70°C (thin dashed line, d).

https://doi.org/10.1371/journal.pone.0192422.g005

70°C was a band narrowing at higher wavenumbers, while the effect of salt treatment was
mainly to broaden the Amide I band at lower wavenumbers (Fig 5).

The Amide I bands were decomposed by curve-fitting to ascribe the observed band shape
changes to secondary structure alterations of the pool of proteins in the plasma membrane
fraction. The area of each component was calculated to determine the percentages of change of
the secondary structures. This procedure was performed with control and salt-treated plasma
membrane samples from 24 to 70°C at approximately 2°C intervals. Fig 6A shows the results
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Fig 6. B-sheet and B-turns secondary structures. B-sheet structure corresponds to bands centered at 1680 cm™ and 1632 cm™ (A), and B-turns structure to bands
centered at 1692 cm ™" and 1669 cm™* (B). Control and salt-treated plasma membrane samples are shown in closed and open circles, respectively.

https://doi.org/10.1371/journal.pone.0192422.9006

obtained for the bands centered at 1680 cm™ and 1632 cm™ corresponding to the B-sheet
structure. We detected a thermal transition in a B-sheet structure in the control plasma mem-
brane sample occurring at about 40°C. In contrast, this transition was observed at a higher
temperature in the salt-treated sample (about 56°C). A similar behavior was obtained for B-
turns structure (Fig 6B). A thermal transition was observed at a lower temperature in the con-
trol sample (about 42°C) compared to the salt-treated sample (about 50°C).

In Fig 7A, the structures involved in protein denaturation (unordered, unfolded, and possi-
bly aggregation) are depicted corresponding to bands centered at 1644 cm ™' and 1625 cm™.
However, we did not detect a thermal transition, but rather a gradual increase of these struc-
tures for both control and NaCl treated plasma membrane vesicles. In Fig 7B, the a-helix sec-
ondary structure corresponding to the band at 1655 cm™ can be seen. Also, an increase in o.-
helix structure content is observed for both control and NaCl.

Fig 8 shows the absorption maximum of the CH, symmetric stretching band determined in
the 24-70°C temperature range. It can be seen that in the salt-treated plasma membrane sam-
ple there is a displacement of the absorption maximum towards a lower wave number, indicat-
ing that at 24°C the lipid membrane is in a more ordered state as compared to the control
sample. In both cases, a gradual increase in wavenumber is observed with temperature (Fig 8).
Higher temperature involves higher molecular kinetic energy and, consequently, higher
molecular motion contributing to a trans/gauche ratio decrease and a more unordered lipid
membrane.

Discussion

Under salt stress, salt-resistant plants adapt their metabolism for maintaining growth [35].
Broccoli plants have been investigated in these terms, and the results give a higher aquaporin
transduction in NaCl treated plants [22]. Also, in other experiments, results have shown that
broccoli plants under high salinity stress (80 mM NaCl) markedly modify the plasma mem-
brane lipid composition and induce a significant accumulation of PIP1 and PIP2 homologs
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[36]. Interestingly, when broccoli plants were exposed to salinity stress (100 mM) for 15 d, the
transcript level of BoPIP2;2 and BoPIP2;3 was increased in roots of the Naxos cultivar [17]. In
our plasma membrane extractions, the protein yield was always double in NaCl plants com-
pared to the control (data not shown). A transcriptional aquaporin control has contributed to
the amount of PIPs in the plasma membrane. However, although the diameter of the plasma
membrane vesicles obtained from NaCl-treated plants was lower than that those obtained
from control plants [36], the relationship between size and yield cannot be established.

To characterize the stability of aquaporins, the osmotic water permeability (Py) of vesicles
extracted from broccoli roots was measured using stopped-flow light scattering [31]. In our
results, although there were no significant differences between the Pyof plasma membrane ves-
icles of control and NaCl treated plants at initial time, the Pswas more stable during storage
for the NaCl vesicles. Therefore, the size effect is discharged. The Pymeasurement can alse be
related to the aquaporin functionality [31,37], but not with the aquaporins presence in broccoli
[36]. Inhibitory effect on aquaporins in vesicles has been reported to be related to protons and
divalent cations [38,39]. However, the fact that a higher decrease in Pf was observed after stor-
age in control vesicles than in vesicles derived from salt-treated plants could be related to the
pool of proteins and, therefore, with membrane integrity, rather than with functionality
reduction.

Thus, the relative lipids abundance and differences in their selectivity can determine the
ability of a local lipid environment to enclose aquaporins, thereby providing a fine mechanism
to adjust and regulate protein structure and function [40]. In an in vitro study, it has been pro-
posed that the AqpZ aquaporin was stabilized by different lipids exerting resistance to unfold-
ing with a direct effect on the protein properties [41]. In our previous report, we demonstrated
that changes in the lipid/protein ratio of the plasma membrane in different Brassica species
conferred distinct physical properties to the lipid bilayer determining a salt tolerance rank
related to the membrane protein presence [5].
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While N-terminal acetylation has been studied in soluble mammalian and yeast proteins,
the acetylation in the methionine of PIP1 subfamily has been described in much lesser exten-
sion for plant aquaporins [21,42,43]. The biological significance of this co- or post-transla-
tional modification has been determined in several protein studies [44], and different
functions such as membrane targeting, protein-protein interactions and changes in proteosta-
sis have been assigned. The most prominent effect of N-terminal acetylation relates to protein
stability, increasing the half-life of proteins, and conferring resistance to degradative processes
in the cell [45]. In AQPO, N-terminal acetylation provided a protective mechanism against N-
terminal truncation [46]. Increasing acetylation in vesicles from salt-treated plants could be
related to protein stability in broccoli, although the relation between acetylation and the pres-
ence of aquaporins in the membrane deserves further attention.

The structural amount of aquaporins in plasma membrane vesicles only can be determined
relative to the rest of the plasma membrane proteins. In fact, the first quantitative results about
the PIPs provide a quantification of 1% of PIP1 subfamily [47] and 3% of the remaining PIPs
[48] among the plasma membrane (PM) proteins from A. thaliana. Measuring PIP relative
abundance by SDS-PAGE stained densitometry, it was previously reported that they could
constitute 15% of spinach leaves purified plasma membrane [49]. Later, although results con-
firmed that PIPs are major proteins of the plant plasma membrane, the difficulties with detec-
tion of '°N labeling or because they were only identified with peptides shared by other
proteins do not allow the accurate in quantification [50].

In addition to the previously characterized aquaporin isoforms in the broccoli plasma
membrane [21], other proteins were identified. Understanding PIP regulatory mechanisms
and their role in the adjustment of plant water status by their interaction with other membrane
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proteins is an alternative approach [51]. Thus, aquaporins interactome studies are emerging,
and some reports have demonstrated a PIP subfamily interactome controlling many physio-
logical processes in the plant cell, including osmoregulation under high osmotic stress, such as
under a high salinity. Among the identified proteins in broccoli, cell wall cellulose protein was
found. It has been suggested that the regulation of cell wall cellulose synthesis has an important
role in polysaccharide metabolism and adaptations of broccoli plants to salt stress [52]. Knock-
down mutants for the cellulose synthase gene showed overexpressed BoPIP2;2 and BoPIP2;3
aquaporins compared to the WT plants, pointing out that these two isoforms enhanced the
salt tolerance of mutant plants. However, interferences between cellulose synthase and aqua-
porins have not yet been addressed experimentally.

Proteins involved in the signal transduction secretory pathway were also identified. The
reversible dithiol/disulfide transitions were carried out using the thiol-disulfide exchanger that
regulates the activity of proteins by redox modulation in important physiological processes
[53]. It has been postulated that aquaporins are redox-regulated membrane components. The
changes in the ratio between dithiol and disulfide bonds modified water osmotic permeability,
Py, and the authors assumed that redox transitions in the loop C were probably accompanied
by changes in aquaporin conformation from the closed to the open pore state [54].

The infrared results showed that, in both cases (control and NaCl), a decrease of B-sheet
and B-turns secondary structures were found with increasing temperature caused by a disrup-
tion of the protein secondary structure leading to protein denaturation. However, it could be
concluded that saline treatment would develop a more stable environment to thermal denatur-
ation, probably by changing the lipid composition of the plasma membrane as a response to
the saline stress as it has been previously reported [6]. However, a number of proteins in vesi-
cles have been directly related to higher stability as produced by phosphate transport induced
by Pi starvation in Arabidopsis [55]. Also, in the chemical stability, temperatures stability and
pressure stability of artificial membrane were related to aquaporins incorporation [56].

According to the proteins in our membranes, in general terms, thermal denaturation
involved an increase in unordered and unfolded structures with a concomitant decrease in, 3-
sheet and B-turns structures. It has been proposed that thermally induced protein aggregation
process comprise the formation of an intermolecular B-sheet structure, which appears at
1620-1625 cm™ [57,58]. Thus, the assignment of the unfolded structure could also include
aggregated states. In both cases, a decrease of B-sheet and B-turns secondary structures was
found with increasing temperature caused by a disruption of the protein structure leading to
protein denaturation. However, it was observed that the saline treatment would develop a
more stable environment to thermal denaturation. This could be due to the type of proteins
expressed or by the interactions with the lipid composition of the plasma membrane [7].

In membrane proteins, the o-helix is the more common secondary structure of the trans-
membrane segments. Hence, o-helix content would come from the contribution from globular
and intramembranous segments. An increase in the a-helix structure is clearly not expected
upon protein thermal denaturation. This anomalous behavior could point out the presence of
o-helices deeply buried in the plasma membrane, where the accessibility of D,O would be
diminished, inhibiting deuterium exchange. In H,O o-helix cannot be properly resolved since
o-helix band overlaps with the signal obtained from the unordered structure, which appears at
1642-1657 cm™, but these two bands can be resolved in D,O because the unordered band is
displaced towards lower wavenumbers [28,59,60]. Unfortunately, incomplete deuterium
exchange would complicate the interpretation of the 1642-1657 cm™ region and could lead to
unexpected behavior, as shown in Fig 7B.

Also, previous studies have reported that high salt concentrations in the growing medium
increased the plasma membrane sterol content [6,36] with the concomitant increase in the
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membrane order providing a more rigid membrane [61] and higher efficiency in regulating
water permeability [6,62]. In our results, information on the properties of the lipid membrane
can be obtained from the vibrational stretching mode of the CH, group in the region of 3100-
2800 cm™. The CH, antisymmetric and symmetric stretching bands at about 2929 cm™* and
2850 cm’’, respectively, are the most characteristic bands in the lipid membrane infrared spec-
tra. Both bands appear to be sensitive to the conformation of the lipid membrane. Changes in
the absorption maximum frequency respond to changes of the trans/gauche ratio in the lipid
acyl chains. In particular, the symmetric stretching band is the most useful band to analyze the
gauche conformers content of the lipid acyl chains, since the antisymmetric band might be a
result of the overlapping with other vibrational modes, such as CHj stretching. It has been
described that a decrease in the wavenumber maximum is produced by a decrease in the lipid
trans/gauche conformers ratio which in turns causes a decrease of the order of the lipid mem-
brane moiety [63]. Also, membrane vesicles stability has been related to lipid peroxidative
properties of the membranes or the protective effect of bioactive compounds [64]. Hence, the
better protective effect extract against membrane disruption was related to the better anti-oxi-
dant properties.

The results obtained according to CH, symmetric stretching band showing that mem-
branes from NaCl treated plants were more ordered than control is in agreement with previ-
ously reported results suggesting that hydric stress causes a modification of the lipid
membrane composition making a more rigid membrane helping the cell to maintain its hydric
state upon adverse hydric conditions [6,65,66].

Conclusions

Here we detected a decrease in the size of vesicles extracted from broccoli roots given salinity
treatments compared to non-treated controls. Although this finding cannot be related to our
other findings, which indicates higher stability, it is in line with the observed low fluidity and
low unsaturation that could provide a reduced area per lipid and, therefore, a reduced surface
area. The size of vesicles is important factor for the studies of drug carriage and delivery [67],
but not for their stability.

Therefore, treatments of NaCl to broccoli plants conferred two effects: 1) modification of
lipids for a more impermeable barrier; and 2) an increase in the acetylation of aquaporins for
high water permeability. Although these findings might seem contradictory, they indicate that
water transport through aquaporins is highly regulated, allowing the plant to achieve precise
regulation of water transport under stress conditions. The NaCl-induced biochemical changes
shown in this work provide the vesicles with higher in vitro stability. In fact, the stability could
be related to the interactions of multiple factors, such as lipid changes, protein increase, and
protein physical properties. In this work, the type and amount of proteins have been demon-
strated to play a determinant role in the stability of the vesicles, with a significant contribution
from the aquaporins. However, changes in lipids could also contribute to this stability, either
directly or indirectly. The molecular driving forces stabilizing the vesicles should be defined by
membrane proteins and conformational properties of lipid bilayers. The fact that NaCl treat-
ments provided more stable vesicles indicates that the adaptive conformational properties of
membranes should be a fruitful approach for generating vesicles suitable as carriers.

Author Contributions
Conceptualization: Pablo Garcia-Gomez, José A. Teruel, Micaela Carvajal.

Funding acquisition: Micaela Carvajal.

PLOS ONE | https://doi.org/10.1371/journal.pone.0192422 February 8, 2018 15/19


https://doi.org/10.1371/journal.pone.0192422

@° PLOS | ONE

Aguaporins and membrane stability

Investigation: Maria del Carmen Martinez-Ballesta, Pablo Garcia-Gomez, Lucia Yepes-

Molina, Angel L. Guarnizo, José A. Teruel.

Methodology: Maria del Carmen Martinez-Ballesta, Micaela Carvajal.

Supervision: Micaela Carvajal.

Validation: Maria del Carmen Martinez-Ballesta, Micaela Carvajal.

Writing - original draft: Micaela Carvajal.

References

1.

10.

11.

12

13.

14.

15.

16.

17.

Gyorgy B, Hung ME, Breakefield XO, Leonard JN. Therapeutic applications of extracellular vesicles:
clinical promise and open questions. Annual review of pharmacology and toxicology. 2015; 55:439-64.
https://doi.org/10.1146/annurev-pharmtox-010814-124630 PMID: 25292428

Lee C, Mitsialis SA, Aslam M, Vitali SH, Vergadi E, Konstantinou G, et al. Exosomes mediate the cyto-
protective action of mesenchymal stromal cells on hypoxia-induced pulmonary hypertension. Circula-
tion. 2012; 126(22):2601-11. https://doi.org/10.1161/CIRCULATIONAHA.112.114173 PMID:
23114789

Atay S, Banskota S, Crow J, Sethi G, Rink L, Godwin AK. Oncogenic KIT-containing exosomes
increase gastrointestinal stromal tumor cell invasion. Proceedings of the National Academy of Sciences
of the United States of America [Internet]. 2014; 111(2):711-6. Available from: http://www.ncbi.nIm.nih.
gov/pubmed/24379393

Dominguez-Perles R, Martinez-Ballesta MC, Carvajal M, Garcia-Viguera C, Moreno DA. Broccoli-
derived by-products—a promising source of bioactive ingredients. Journal of Food Science. 2010; 75
(4):383-92.

Chalbi N, Martinez-Ballesta MC, Youssef NB, Carvajal M. Intrinsic stability of Brassicaceae plasma
membrane in relation to changes in proteins and lipids as a response to salinity. Journal of Plant Physi-
ology. 2015; 175(1):148-56.

Silva C, Aranda FJ, Ortiz A, Carvajal M, Martinez V, Teruel JA. Root Plasma Membrane Lipid Changes
in Relation to Water Transport in Pepper: a Response to NaCl and CaCl2 Treatment. 2007; 50:650—7.

Martinez-Ballesta MC, Pérez-Sanchez H, Moreno DA, Carvajal M. Plant plasma membrane aquaporins
in natural vesicles as potential stabilizers and carriers of glucosinolates. Colloids and Surfaces B: Bioin-
terfaces. 2016; 143:318-26. https://doi.org/10.1016/j.colsurfb.2016.03.056 PMID: 27022872

Forrest KL, Bhave M. Major intrinsic proteins (MIPs) in plants: A complex gene family with major
impacts on plant phenotype. Vol. 7, Functional and Integrative Genomics. 2007. p. 263—-89.

Ishibashi K. Aquaporin subfamily with unusual NPA boxes. Vol. 1758, Biochimica et Biophysica Acta—
Biomembranes. 2006. p. 989-93.

Ma JF, Yamaiji N, Mitani N, Xu X-Y, Su Y-H, McGrath SP, et al. Transporters of arsenite in rice and their
role in arsenic accumulation in rice grain. Proceedings of the National Academy of Sciences [Internet].
2008; 105(29):9931-5. Available from: http://www.pnas.org/cgi/doi/10.1073/pnas.0802361105

Zangi R, Filella M. Transport routes of metalloids into and out of the cell: A review of the current knowl-
edge. Vol. 197, Chemico-Biological Interactions. 2012. p. 47-57.

Lopez D, Bronner G, Brunel N, Auguin D, Bourgerie S, Brignolas F, et al. Insights into Populus XIP
aquaporins: Evolutionary expansion, protein functionality, and environmental regulation. Journal of
Experimental Botany. 2012; 63(5):2217-30. https://doi.org/10.1093/jxb/err404 PMID: 22223812

Verkman AAS, Mitra AKAK. Structure and function of aquaporin water channels. American Journal of
Physiology- Renal Physiology [Internet]. 2000; 278(1):13. Available from: http://scholar.google.com/
scholar?hl=en&btnG=Search&qg=intitle:Structure+and-+function+of+aquaporin+water+channels#0

Chevalier AS, Chaumont F. Trafficking of plant plasma membrane aquaporins: Multiple regulation lev-
els and complex sorting signals. Vol. 56, Plant and Cell Physiology. 2015. p. 819-29.

Niemietz CM, Tyerman SD. New potent inhibitors of aquaporins: Silver and gold compounds inhibit
aquaporins of plant and human origin. FEBS Letters. 2002; 531(3):443-7. PMID: 12435590

Sadok W, Sinclair TR. Transpiration response of ‘slow-wilting’ and commercial soybean (Glycine max
(L.) Merr.) genotypes to three aquaporin inhibitors. Journal of Experimental Botany. 2010; 61(3):821-9.
https://doi.org/10.1093/jxb/erp350 PMID: 19969533

Muries B, Mohamed F, Carvajal M, Martinez-Ballesta MC. Identification and differential induction of the
expression of aquaporins by salinity in broccoli plants. Molecular bioSystems. 2011; 7(4):1322—-35.
https://doi.org/10.1039/cOmb00285b PMID: 21321750

PLOS ONE | https://doi.org/10.1371/journal.pone.0192422 February 8, 2018 16/19


https://doi.org/10.1146/annurev-pharmtox-010814-124630
http://www.ncbi.nlm.nih.gov/pubmed/25292428
https://doi.org/10.1161/CIRCULATIONAHA.112.114173
http://www.ncbi.nlm.nih.gov/pubmed/23114789
http://www.ncbi.nlm.nih.gov/pubmed/24379393
http://www.ncbi.nlm.nih.gov/pubmed/24379393
https://doi.org/10.1016/j.colsurfb.2016.03.056
http://www.ncbi.nlm.nih.gov/pubmed/27022872
http://www.pnas.org/cgi/doi/10.1073/pnas.0802361105
https://doi.org/10.1093/jxb/err404
http://www.ncbi.nlm.nih.gov/pubmed/22223812
http://scholar.google.com/scholar?hl=en&btnG=Search&q=intitle:Structure+and+function+of+aquaporin+water+channels#0
http://scholar.google.com/scholar?hl=en&btnG=Search&q=intitle:Structure+and+function+of+aquaporin+water+channels#0
http://www.ncbi.nlm.nih.gov/pubmed/12435590
https://doi.org/10.1093/jxb/erp350
http://www.ncbi.nlm.nih.gov/pubmed/19969533
https://doi.org/10.1039/c0mb00285b
http://www.ncbi.nlm.nih.gov/pubmed/21321750
https://doi.org/10.1371/journal.pone.0192422

@° PLOS | ONE

Aguaporins and membrane stability

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Sun G, Chung TS, Jeyaseelan K, Armugam A. Stabilization and immobilization of aquaporin reconsti-
tuted lipid vesicles for water purification. Colloids and Surfaces B: Biointerfaces. 2013; 102:466—71.
https://doi.org/10.1016/j.colsurfb.2012.08.009 PMID: 23022601

Carvajal M, Garcia-Viguera C, Moreno DA, Martinez-Ballesta MC. Method for obtaining plasma mem-
brane vesicles extracted from plants enriched in membrane transport proteins, and uses thereof. Patent
EP2716280, 2011.

Larsson C, Widell S, Kjellbom P. Preparation of high-purity plasma membranes. Methods in Enzymol-
ogy. 1987; 148(C):558-68.

Casado-Vela J, Muries B, Carvajal M, lloro |, Elortza F, Martinez-Ballesta MC. Analysis of root plasma
membrane aquaporins from brassica oleracea: Post-translational modifications, de novo sequencing
and detection of isoforms by high resolution mass spectrometry. Journal of Proteome Research. 2010;
9(7):3479-94. https://doi.org/10.1021/pr901150g PMID: 20462273

Muries B, Carvajal M, Martinez-Ballesta MC. Response of three broccoli cultivars to salt stress, in rela-
tion to water status and expression of two leaf aquaporins. Planta. 2013; 237(5):1297-310. https://doi.
0rg/10.1007/s00425-013-1849-5 PMID: 23377621

Barrajon-Catalan E, Menendez-Gutierrez MP, Falco A, Carrato A, Saceda M, Micol V. Selective death
of human breast cancer cells by lytic immunoliposomes: Correlation with their HER2 expression level
[Internet]. Vol. 290, Cancer Letters. 2010. p. 192-203. Available from: isi:000276426400007

Bradford MM. A rapid and sensitive method for the quantitation of microgram quantities of protein using
the principle of protein dye binding. Analytical Biochemistry. 1976; 72:248-54. PMID: 942051

Maurel C, Tacnet F, Guicli J, Guern J, Ripoche P. Purified vesicles of tobacco cell vacuolar and plasma
membranes exhibit dramatically different water permeability and water channel activity. Proceedings of
the National Academy of Sciences of the United States of America. 1997; 94(13):7103-8. PMID:
11038555

Corbalan-Garcia S, Teruel JA, Villalain J, Gomez-Fernandez JC. Extensive proteolytic digestion of the
(Ca2+ + Mg2+)-ATPase from sarcoplasmic reticulum leads to a highly hydrophobic proteinaceous resi-
due with a mainly alpha-helical structure. Biochemistry [Internet]. 1994; 33(27):8247-54. Available
from: /homef/jter/Ubuntu One/JabRef_DB/PDF/SERCA/1994_Biochemistry-Extensive_proteolytic_di-
gestion_of_the_(Ca2++Mg2+)-ATPase_from_sarcoplasmic_reticulum_leads_to_a_highly_hydropho-
bic_proteinaceous_residue_with_a_mainly_alfa-helical_structure.pdf

Zaragoza A, Teruel JA, Aranda FJ, Marqués A, Espuny MJ, Manresa A, et al. Interaction of a Rhodo-
coccus sp. Trehalose Lipid Biosurfactant with Model Proteins: Thermodynamic and Structural Changes.
Langmuir. 2012; 28(2):1381-90. https://doi.org/10.1021/1a203879t PMID: 22172005

Barth A. Infrared spectroscopy of proteins. Vol. 1767, Biochimica et Biophysica Acta—Bioenergetics.
2007. p. 1073-101.

Susi H, Byler DM. Resolution-enhanced fourier transform infrared spectroscopy of enzymes. Methods
in Enzymology [Internet]. 1986; 130:290-311. Available from: http://www.sciencedirect.com/science/
article/pii/0076687986300156

Arrondo JLR, Muga A, Castresana J, Bernabeu C, Goiii FM. An infrared spectroscopic study of 3-galac-
tosidase structure in agueous solutions. FEBS Letters [Internet]. 1989; 252(1-2):118-20. Available
from: http://www.sciencedirect.com/science/article/pii/0014579389809019

Gerbeau P, Amodeo G, Henzler T, Santoni V, Ripoche P, Maurel C. The water permeability of Arabi-
dopsis plasma membrane is regulated by divalent cations and pH. Plant Journal. 2002; 30(1):71-81.
PMID: 11967094

Trofimova MS, Zhestkova IM, Kholodova VP, Andreev IM, Sorokin EM, Anna G, et al. Osmotic water
permeability of cell membranes from Mesembryanthemum crystallinum leaves: effects of age and salin-
ity. Physiologia Plantarum. 2003; 118(2):232-9.

Alexandersson E, Saalbach G, Larsson C, Kjellbom P. Arabidopsis plasma membrane proteomics iden-
tifies components of transport, signal transduction and membrane trafficking. Plant & cell physiology
[Internet]. 2004; 45(11):1543-56. Available from: http://www.ncbi.nlm.nih.gov/pubmed/15574830

Santoni V, Vinh J, Pflieger D, Sommerer N, Maurel C. A proteomic study reveals novel insights into the
diversity of aquaporin forms expressed in the plasma membrane of plant roots. Biochem J. 2003;
373:289-96. https://doi.org/10.1042/BJ20030159 PMID: 12678916

Tester M, Davenport R. Na+ tolerance and Na+ transport in higher plants. Vol. 91, Annals of Botany.
2003. p. 503-27.

Lépez-Pérez L, Martinez-Ballesta MC, Maurel C, Carvajal M. Changes in plasma membrane lipids,
aquaporins and proton pump of broccoli roots, as an adaptation mechanism to salinity. Phytochemistry
[Internet]. 2009; 70(4):492-500. Available from: http://dx.doi.org/10.1016/j.phytochem.2009.01.014

PLOS ONE | https://doi.org/10.1371/journal.pone.0192422 February 8, 2018 17/19


https://doi.org/10.1016/j.colsurfb.2012.08.009
http://www.ncbi.nlm.nih.gov/pubmed/23022601
https://doi.org/10.1021/pr901150g
http://www.ncbi.nlm.nih.gov/pubmed/20462273
https://doi.org/10.1007/s00425-013-1849-5
https://doi.org/10.1007/s00425-013-1849-5
http://www.ncbi.nlm.nih.gov/pubmed/23377621
http://www.ncbi.nlm.nih.gov/pubmed/942051
http://www.ncbi.nlm.nih.gov/pubmed/11038555
https://doi.org/10.1021/la203879t
http://www.ncbi.nlm.nih.gov/pubmed/22172005
http://www.sciencedirect.com/science/article/pii/0076687986300156
http://www.sciencedirect.com/science/article/pii/0076687986300156
http://www.sciencedirect.com/science/article/pii/0014579389809019
http://www.ncbi.nlm.nih.gov/pubmed/11967094
http://www.ncbi.nlm.nih.gov/pubmed/15574830
https://doi.org/10.1042/BJ20030159
http://www.ncbi.nlm.nih.gov/pubmed/12678916
http://dx.doi.org/10.1016/j.phytochem.2009.01.014
https://doi.org/10.1371/journal.pone.0192422

@° PLOS | ONE

Aguaporins and membrane stability

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52,

53.

54.

55.

56.

Alleva K, Niemietz CM, Sutka M, Maurel C, Parisi M, Tyerman SD, et al. Plasma membrane of Beta vul-
garis storage root shows high water channel activity regulated by cytoplasmic pH and a dual range of
calcium concentrations. Journal of Experimental Botany. 2006; 57(3):609-21. https://doi.org/10.1093/
jxb/erj046 PMID: 16397000

Tournaire-Roux C, Sutka M, Javot H, Gout E, Gerbeau P, Luu DT, et al. Cytosolic pH regulates root
water transport during anoxic stress through gating of aquaporins. Nature. 2003; 425(2002):393-7.

Tornroth-Horsefield S, Wang Y, Hedfalk K, Johanson U, Karlsson M, Tajkhorshid E, et al. Structural
mechanism of plant aquaporin gating. Nature. 2006; 439(7077):688—94. https://doi.org/10.1038/
nature04316 PMID: 16340961

Engelman DM. Membranes are more mosaic than fluid. Nature. 2005; 438(7068):578-80. https://doi.
org/10.1038/nature04394 PMID: 16319876

Laganowsky A, Reading E, Allison TM, Ulmschneider MB, Degiacomi MT, Baldwin AJ, et al. Membrane
proteins bind lipids selectively to modulate their structure and function. Nature [Internet]. 2014; 510
(7503):172-5. Available from: http://dx.doi.org/10.1038/nature13419

Santoni V, Verdoucq L, Sommerer N, Vinh J, Pflieger D, Maurel C. Methylation of aquaporins in plant
plasma membrane. The Biochemical journal. 2006; 400:189-97. https://doi.org/10.1042/BJ20060569
PMID: 16839310

di Pietro M, Vialaret J, Li G, Hem S, Prado K, Rossignol M, et al. Coordinated post-translational
responses of aquaporins to abiotic and nutritional stimuli in Arabidopsis roots. Molecular & cellular pro-
teomics: MCP [Internet]. 2013; 12(12):3886—97. Available from: http://www.ncbi.nim.nih.gov/pubmed/
24056735

Giglione C, Fieulaine S, Meinnel T. N-terminal protein modifications: Bringing back into play the ribo-
some. Biochimie. 2015; 114:134—46. https://doi.org/10.1016/j.biochi.2014.11.008 PMID: 25450248

Polevoda B, Sherman F. Nalpha -terminal acetylation of eukaryotic proteins. The Journal of biological
chemistry. 2000; 275(47):36479-82. https://doi.org/10.1074/jbc.R000023200 PMID: 11013267

Gutierrez DB, Garland D, Schey KL. Spatial analysis of human lens aquaporin-0 post-translational mod-
ifications by MALDI mass spectrometry tissue profiling. Experimental Eye Research. 2011; 93(6):912—
20. https://doi.org/10.1016/j.exer.2011.10.007 PMID: 22036630

Robinson DG, Sieber H, Kammerloher W, Schaffner AR. PIP1 Aquaporins Are Concentrated in Plas-
malemmasomes of Arabidopsis thaliana Mesophyll. Plant physiology [Internet]. 1996; 111(2):645-9.
Available from: http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=157878&tool=
pmcentrez&rendertype=abstract

Monneuse JM, Sugano M, Becue T, Santoni V, Hem S, Rossignol M. Towards the profiling of the Arabi-
dopsis thaliana plasma membrane transportome by targeted proteomics. Proteomics. 2011; 11
(9):1789-97. https://doi.org/10.1002/pmic.201000660 PMID: 21413151

Vallhov H, Gutzeit C, Johansson SM, Nagy N, Paul M, Li Q, et al. Exosomes containing glycoprotein
350 released by EBV-transformed B cells selectively target B cells through CD21 and block EBV infec-
tion in vitro. J Immunol [Internet]. 2011; 186(1):73-82. Available from: http://www.ncbi.nlm.nih.gov/
entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=21106852

Bernfur K, Larsson O, Larsson C, Gustavsson N. Relative abundance of integral plasma membrane
proteins in Arabidopsis leaf and root tissue determined by metabolic labeling and mass spectrometry.
PloS one [Internet]. 2013; 8(8):e71206. Available from: http://www.pubmedcentral.nih.gov/
articlerender.fcgi?artid=3747180&tool=pmcentrez&rendertype=abstract

Bellati J, Champeyroux C, Hem S, Rofidal V, Krouk G, Maurel C, et al. Novel Aquaporin Regulatory
Mechanisms Revealed by Interactomics. Molecular & Cellular Proteomics [Internet]. 2016; 15
(11):3473-87. Available from: http://www.mcponline.org/lookup/doi/10.1074/mcp.M116.060087

Li S, Zhang L, Wang Y, Xu F, Liu M, Lin P, et al. Knockdown of a cellulose synthase gene BoiCesA
affects the leaf anatomy, cellulose content and salt tolerance in broccoli. Scientific Reports [Internet].
2017; 7:41397. Available from: http://www.nature.com/articles/srep41397

Paulsen CE, Carroll KS. Cysteine-mediated redox signaling: Chemistry, biology, and tools for discov-
ery. Chemical Reviews. 2013; 113(7):4633-79. https://doi.org/10.1021/cr300163e PMID: 23514336

Ampilogova YN, Zhestkova IM, Trofimova MS. Redox modulation of osmotic water permeability in
plasma membranes isolated from roots and shoots of pea seedlings. Russian Journal of Plant Physiol-
ogy. 2006; 53(5):622-8.

Bayle V, Arrighi J-F, Creff A, Nespoulous C, Vialaret J, Rossignol M, et al. Arabidopsis thaliana high-
affinity phosphate transporters exhibit multiple levels of posttranslational regulation. The Plant Cell.
2011; 23(4):1523-35. https://doi.org/10.1105/tpc.110.081067 PMID: 21521698

Qi S, Wang R, Chaitra GKM, Torres J, Hu X, Fane AG. Aquaporin-based biomimetic reverse osmosis
membranes: Stability and long term performance. Journal of Membrane Science. 2016; 508:94—103.

PLOS ONE | https://doi.org/10.1371/journal.pone.0192422 February 8, 2018 18/19


https://doi.org/10.1093/jxb/erj046
https://doi.org/10.1093/jxb/erj046
http://www.ncbi.nlm.nih.gov/pubmed/16397000
https://doi.org/10.1038/nature04316
https://doi.org/10.1038/nature04316
http://www.ncbi.nlm.nih.gov/pubmed/16340961
https://doi.org/10.1038/nature04394
https://doi.org/10.1038/nature04394
http://www.ncbi.nlm.nih.gov/pubmed/16319876
http://dx.doi.org/10.1038/nature13419
https://doi.org/10.1042/BJ20060569
http://www.ncbi.nlm.nih.gov/pubmed/16839310
http://www.ncbi.nlm.nih.gov/pubmed/24056735
http://www.ncbi.nlm.nih.gov/pubmed/24056735
https://doi.org/10.1016/j.biochi.2014.11.008
http://www.ncbi.nlm.nih.gov/pubmed/25450248
https://doi.org/10.1074/jbc.R000023200
http://www.ncbi.nlm.nih.gov/pubmed/11013267
https://doi.org/10.1016/j.exer.2011.10.007
http://www.ncbi.nlm.nih.gov/pubmed/22036630
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=157878&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=157878&tool=pmcentrez&rendertype=abstract
https://doi.org/10.1002/pmic.201000660
http://www.ncbi.nlm.nih.gov/pubmed/21413151
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=21106852
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=21106852
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3747180&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3747180&tool=pmcentrez&rendertype=abstract
http://www.mcponline.org/lookup/doi/10.1074/mcp.M116.060087
http://www.nature.com/articles/srep41397
https://doi.org/10.1021/cr300163e
http://www.ncbi.nlm.nih.gov/pubmed/23514336
https://doi.org/10.1105/tpc.110.081067
http://www.ncbi.nlm.nih.gov/pubmed/21521698
https://doi.org/10.1371/journal.pone.0192422

@° PLOS | ONE

Aguaporins and membrane stability

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Clark AH, Saunderson DHP, Suggett A. Infrared and laser-raman spectroscopic studies of thermally-
induced globular protein gels. International Journal of Peptide and Protein Research. 1981; 17(3):353—
64. PMID: 7026471

Dong A, Randolph TW, Carpenter JF. Entrapping intermediates of thermal aggregation in alpha-helical
proteins with low concentration of guanidine hydrochloride. Journal of Biological Chemistry. 2000; 275
(36):27689-93. https://doi.org/10.1074/jbc.M005374200 PMID: 10871628

Susi H, Timasheff SN, Stevens L. Infrared spectra and protein conformations in aqueous solutions. I.
The amide | band in H20 and D20 solutions. Journal of Biological Chemistry. 1967; 242(23):5460-6.
PMID: 12325360

Arrondo JL, Gofii FM. Structure and dynamics of membrane proteins as studied by infrared spectros-
copy. TL—72. Progress in biophysics and molecular biology [Internet]. 1999; 72(4):367—405. Available
from: /Users/janschnatwinkel/Documents/ReadCube Media/Arrondo et al-1999-Prog Biophys Mol Biol.
pdf%5Cnhttp://dx.doi.org/10.1016/S0079-6107(99)00007-3

Silva C, Aranda FJ, Ortiz A, Martinez V, Carvajal M, Teruel JA. Molecular aspects of the interaction
between plants sterols and DPPC bilayers. An experimental and theoretical approach. Journal of Col-
loid and Interface Science. 2011; 358(1):192-201. https://doi.org/10.1016/j.jcis.2011.02.048 PMID:
21429500

Basyuni M, Baba S, Kinjo Y, Oku H. Salinity increases the triterpenoid content of a salt secretor and a
non-salt secretor mangrove. Aquatic Botany. 2012; 97(1):17-23.

Mantsch HH, McElhaney RN. Phospholipid phase transitions in model and biological membranes as
studied by infrared spectroscopy. Chemistry and Physics of Lipids. 1991; 57(2—3):213-26. PMID:
2054905

Basiglio CL, Sanchez Pozzi EJ, Mottino AD, Roma MG. Differential effects of silymarin and its active
component silibinin on plasma membrane stability and hepatocellular lysis. Chemico-Biological Interac-
tions. 2009; 179(2—3):297-303. https://doi.org/10.1016/j.cbi.2008.12.008 PMID: 19135039

Kuiper PJC. Environmental changes and lipid metabolism of higher plants. Physiologia Plantarum
[Internet]. 1985; 64:118-22. Available from: http://doi.wiley.com/10.1111/j.1399-3054.1985.tb01221.x

Lilienberg CS. The effects of water deficit stress on plant membrane lipids. Prog Lipid Res. 1992; 31
(3):335—43. PMID: 1287669

Winkler K, Leneweit G, Schubert R. Characterization of membrane vesicles in plant extracts. Colloids
and Surfaces B: Biointerfaces. 2005; 45(2):57-65. https://doi.org/10.1016/j.colsurfb.2005.07.006
PMID: 16125916

PLOS ONE | https://doi.org/10.1371/journal.pone.0192422 February 8, 2018 19/19


http://www.ncbi.nlm.nih.gov/pubmed/7026471
https://doi.org/10.1074/jbc.M005374200
http://www.ncbi.nlm.nih.gov/pubmed/10871628
http://www.ncbi.nlm.nih.gov/pubmed/12325360
http://dx.doi.org/10.1016/S0079-6107(99)00007-3
https://doi.org/10.1016/j.jcis.2011.02.048
http://www.ncbi.nlm.nih.gov/pubmed/21429500
http://www.ncbi.nlm.nih.gov/pubmed/2054905
https://doi.org/10.1016/j.cbi.2008.12.008
http://www.ncbi.nlm.nih.gov/pubmed/19135039
http://doi.wiley.com/10.1111/j.1399-3054.1985.tb01221.x
http://www.ncbi.nlm.nih.gov/pubmed/1287669
https://doi.org/10.1016/j.colsurfb.2005.07.006
http://www.ncbi.nlm.nih.gov/pubmed/16125916
https://doi.org/10.1371/journal.pone.0192422

