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Abstract
Aquaporins of the TIP subfamily (Tonoplast Intrinsic Proteins) have been suggested to facil-

itate permeation of water and ammonia across the vacuolar membrane of plants, allowing

the vacuole to efficiently sequester ammonium ions and counteract cytosolic fluctuations of

ammonia. Here, we report the structure determined at 1.18 Å resolution from twinned crys-

tals of Arabidopsis thaliana aquaporin AtTIP2;1 and confirm water and ammonia permeabil-

ity of the purified protein reconstituted in proteoliposomes as further substantiated by

molecular dynamics simulations. The structure of AtTIP2;1 reveals an extended selectivity

filter with the conserved arginine of the filter adopting a unique unpredicted position. The rel-

atively wide pore and the polar nature of the selectivity filter clarify the ammonia permeabil-

ity. By mutational studies, we show that the identified determinants in the extended

selectivity filter region are sufficient to convert a strictly water-specific human aquaporin into

an AtTIP2;1-like ammonia channel. A flexible histidine and a novel water-filled side pore are

speculated to deprotonate ammonium ions, thereby possibly increasing permeation of

ammonia. The molecular understanding of how aquaporins facilitate ammonia flux across

membranes could potentially be used to modulate ammonia losses over the plasma mem-

brane to the atmosphere, e.g., during photorespiration, and thereby to modify the nitrogen

use efficiency of plants.

Author Summary

Ammonia is a central molecule in nitrogen metabolism. Aquaporins are integral mem-
brane proteins that form channels that accelerate the passive permeation of small polar
uncharged molecules, like water and ammonia, across lipid membranes of the cell.
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Structural information of ammonia-permeable aquaporins has been lacking. Here, we
report a high-resolution structure of the ammonia-permeable aquaporin AtTIP2;1 and
explore it by functional assays of mutants and by molecular dynamics simulations. Our
data uncover unexpected features of the substrate selectivity filter, including a conserved
arginine in a new orientation that is stabilized by interactions to a histidine that is linked
to ammonia specificity. An additional histidine in a different part of AtTIP2;1 fortifies the
position of the arginine and interacts directly with the substrate in the channel. This histi-
dine is therefore included in an extended selectivity filter, which should prompt a reinter-
pretation of the determinants of specificity in all types of aquaporins. We speculate that an
intriguing water-filled side pore, next to the substrate-binding histidine, participates in
deprotonating ammonium ions, which could increase the net permeation of ammonia.
Understanding the principles of ammonia permeability may, in the future, allow us to
modulate the passage of ammonia and generate crops with higher nitrogen-use efficiency.

Introduction
Nitrogen is a macronutrient that is often limiting for plant growth. Hence, efficient channeling
and storage of ammonia, a central molecule in nitrogen metabolism, is of fundamental impor-
tance. Tonoplast Intrinsic Proteins (TIPs) belonging to the Major Intrinsic Protein family, also
known as the aquaporin (AQP) superfamily, have been shown to conduct both water [1] and
ammonia [2–4]. TIPs are present in all land plants, but whereas primitive plants like mosses
only have one type of TIP (TIP6), five specialized subgroups (TIP1‒5) have evolved in higher
plants [5]. TIPs may constitute up to 40% of the protein in the vacuolar membrane, i.e., the
tonoplast [6], and have been suggested to enhance nitrogen uptake efficiency and detoxifica-
tion by acid entrapment of ammonium ions in vacuoles [3]. Furthermore, TIP-mediated
increase of ammonia permeability was proposed to play a role in remobilization of vacuolar
ammonia during nitrogen starvation [2] and in reallocation of nitrogen at senescence [7].
Recently, TIPs were included in a revised model of futile cycling under high ammonia condi-
tions [8]. Sequence similarities to TIPs are observed in mammalian AQP8s [9], which are also
ammonia-permeable [10] and have been implicated in pathological conditions like hyperam-
monemia and hepatic encephalopathy [11].

Crystal structures have established that AQPs are homotetramers, where each of the mono-
mers holds a functional pore created by six membrane-spanning helices (helix 1‒helix 6), five
connecting loops (loop A‒loop E), and two shorter helices (helix B and helix E; Fig 1), both dis-
playing the AQP-signature motif Asn-Pro-Ala (NPA) [12–16]. Helices B and E connect at the
NPA motifs in the middle of the membrane, thus forming a bipartite transmembrane segment.
Different AQP isoforms facilitate permeation of a variety of small uncharged polar molecules,
while protons are efficiently excluded from the pore in part by the positive charge, which is
focused at the NPA region by the macro dipoles of the short helices [17]. Substrate specificity is
thought to be achieved by the aromatic/arginine selectivity filter [18], which has been defined
as four residues located at the noncytosolic end of the pore [19]. Of these residues, an arginine
is conserved in the short helix E of most AQPs and contributes to the exclusion of protons
[20], whereas a histidine in helix 5 is associated with water specificity [13]. AQPs permeable to
ammonia and water called aquaammoniaporins, including the human HsAQP8, typically lack
the histidine in helix 5 but instead have a histidine in helix 2 [2–4]. However, all previously
published AQP structures represent either water-specific channels (true AQPs) or the water-
and glycerol-conducting aquaglyceroporins, so a further understanding of the structural
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features that confer ammonia selectivity has been missing. To close this gap in knowledge, we
set out to crystallize the aquaammoniaporin AtTIP2;1 from A. thaliana. Here, we present the
crystal structure of AtTIP2;1 determined at atomic resolution (1.18 Å with partial twinning).
Combined with molecular dynamics (MD) simulations and functional studies of mutants, the
structure provides new insight into the molecular basis of substrate selectivity in the AQP
superfamily.

Results

Overall Structure of AtTIP2;1
Heterologously expressed AtTIP2;1 yielded up to 1.1 mg of purified and concentrated protein
per g of wet Pichia pastoris cells. Purified AtTIP2;1 was verified as a functional water channel,
inhibited by mercury, and also permeable to ammonia (Fig 2). AtTIP2;1, solubilized by n-
octyl-β-D-glucoside, was crystallized at pH 5.0 and the structure determined at 1.18 Å resolu-
tion (Table 1). In the reported structure, 238 amino acid residues are resolved, and only the N-
terminal tag and 12 native residues at the C-terminus are not included in the model. In contrast
to other AQPs (e.g., SoPIP2;1 [14],HsAQP5 [15]), neither loops nor the resolved parts of ter-
minal regions overlap with neighboring monomers in the tetramer. Loop A and loop D fold
back on their own subunit and the N- and C-terminal regions meet at the outer edge of the
cytoplasmic vestibule without restricting the pore (Fig 1C and 1D). Accordingly, the structure
of AtTIP2;1 constitutes an open channel where the cytosolic and vacuolar vestibules are con-
nected by a pore lining eight water molecules in a single file.

An Extended Selectivity Filter
Interestingly, the pore diameter of AtTIP2;1 at the NPA region is smaller than in other AQPs,
and it remains constant at around 3 Å throughout the pore (Fig 3A and 3B). This is unusual,
since in other structures of open AQPs, the aromatic/arginine selectivity filter constitutes the
narrowest part of the pore. As mentioned earlier, amino acid residues at the four positions of
the pore selectivity filter in helix 2, helix 5, loop E, and helix E (specifically denoted H2P, H5P,
LEP, and HEP) are thought to determine the substrate specificity (Figs 1A and 3C). In line with
this, TIP2s deviate from other AQPs (Fig 3D), and as expected from mutational studies and
modeling [2,22], the wider selectivity filter is mainly due to an isoleucine (Ile 185) at position
H5P in helix 5, replacing a histidine that is conserved in the water-specific AQPs. However, the
most striking feature of the AtTIP2;1 selectivity filter arises from an unpredicted positioning of
the arginine at HEP in helix E (Arg 200), a conserved residue in nearly all AQPs. In AtTIP2;1,
the arginine side chain is pushed to the side of the pore by a histidine located in loop C (His
131), which now appears as a fifth residue (LCP) of an extended selectivity filter. The novel
position of the arginine is further stabilized by a hydrogen bond to the histidine (His 63) at
position H2P in helix 2, which occupies essentially the same space as corresponding aromatic
residues of water and glycerol channels (e.g., Phe 81 in SoPIP2;1 [14], Trp 48 in EcGlpF [12])
without direct effects on the pore aperture. The close interaction with Arg 200 at position HEP

Fig 1. Topology and structure of AtTIP2;1. (A) Topology plot showing membrane-spanning helices (H1–H6) and intervening loops (A–E). Homologous
regions in the internal repeat are indicated by colors. The five positions of an extended selectivity filter are marked according to the key within the figure. The
glycine (Gly 1) corresponding to the initiator methionine in AtTIP2;1 is shaded in dark cyan next to a dashed line representing the TEV cleavage site, and the
N-terminal deca-His tag is shaded in purple. (B) Two short helices (HB and HE) in loop B and E, connected via conserved NPA-motifs, form a seventh
transmembrane segment. All membrane-spanning segments are tilted in the membrane, but it is most accentuated in helices H3, H6, HB, and HE facing the
lipid bilayer. (C) Eight water molecules form a single file in the main pore of the monomer, connecting the cytosolic and vacuolar vestibules. At the top right,
five additional water molecules are seen in a side pore underneath loop C. (D) AtTIP2;1 tetramer viewed from the vacuolar side. Monomers are shown in
surface representation and in the cartoon representation used in (B) and (C).

doi:10.1371/journal.pbio.1002411.g001
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in helix E suggests a shift in the pKa of His 63 at position H2P, which is likely to stay unproto-
nated also in the acidic environment of the vacuole. In contrast to His 63, the additional His
131 at position LCP in loop C points to the center of the pore and forms a hydrogen bond to a
pore-water (Wat 2; Fig 3B). Hence, AtTIP2;1 represents the first AQP structure where a residue
in loop C (His 131) directly participates in interactions with the substrate in the selectivity
region, defining an extended selectivity filter with five positions. The histidine residue at posi-
tion H2P in helix 2 is conserved in all TIPs, whereas the histidine at position LCP in loop C is
only maintained in some types of TIPs, including the TIP2 isoforms, and appears to have been
replaced by phenylalanine in a common ancestor of TIP1s and TIP3s (Fig 3D) [5]. A phenylal-
anine at position LCP in loop C is also capable of sterically directing the arginine at position

Fig 2. Functional assays. (A) Water permeability of liposomes with and without inserted AtTIP2;1 measured at different pH values. Stopped-flow
experiments with 100 mM hyperosmolar shift present high protein-facilitated conductivities at cytosolic and vacuolar pH. Relative single exponential rate
constants of ca. 110 s−1 at LPR 30 demonstrate the ability to sustain a highly water-permeable vacuole. (B) Water permeability of purified AtTIP2;1 (LPR 50)
is inhibited by mercury as previously shown in oocytes [21]. (C) Ammonia uptake monitored by increased internal fluorescence after exchange of 20 mM
NaCl with 20 mMNH4Cl, corresponding to an initial NH3 gradient of 4.5 μM. Proteoliposomes with AtTIP2;1 (green) show higher permeability than equally-
sized control liposomes (grey). Fitted curves yielding single exponential rates are also shown. (D) Summary of rates at different ammonia gradients.
Equations and correlation coefficients are given for linear fitting of averaged single exponential rates as a function of total initial concentration gradient of
NH3/NH4

+. Error bars represent the standard deviation of the rate within a set of approximately ten stopped-flow recordings per liposome sample. The
underlying data of panels A–D can be found in S1 Data.

doi:10.1371/journal.pbio.1002411.g002
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HEP in helix E to the side of the pore, but provides a more hydrophobic environment at the
selectivity filter. Worth noting, similar to TIP3s, the mammalian AQP8s [9,10] also possess a
histidine at position H2P in helix 2, lack a conserved histidine in loop C, and can be aligned
with a phenylalanine at position LCP in loop C (Fig 3D). Thus, a histidine at position H2P in
helix 2 and an aromatic residue at position LCP in loop C seem to be a common feature among
ammonia-permeable AQPs both in plants and animals. This suggests that the derived phenyl-
alanine at LCP in loop C of some plant TIPs, which supports ammonia permeability without
the ability to form hydrogen bonds to the substrate, reflects an adaptation to a different milieu,
e.g., regarding pH or alternatively altered requirements on permeation rate and selectivity.

General Importance of Loop C in AQPs
Measurements of absolute water permeabilities [23] and relative permeabilities to other sub-
strates [24] reveal large variations among water-specific AQPs. For example, mammalian
AQP4 has a 4-fold higher single channel water permeability compared to AQP1, although they
share identical or similar residues at the four canonical positions of the selectivity filter. Our
structure led us to re-examine the amino acid residue at position LEP in loop E, which contrib-
utes with its carbonyl to the selectivity region. Comparison of AtTIP2;1 with other AQP struc-
tures identifies two spatial groups (I and II) of the carbonyls from residues at position LEP in
loop E as illustrated in Supporting Information (S1 Fig; top view in Fig 3C). AtTIP2;1 groups
together with aquaglyceroporins and the water-permeable human AQP4 (group I), whereas
the majority of water-specific AQPs constitutes group II due to an asparagine at position LCP

Table 1. Crystallographic data and refinement statistics.

Data collection

Space group I 4

Cell dimensions

a, b, c (Å) / a, b, γ (°) 89.3, 89.3, 82.5 / 90, 90, 90

Resolution (Å) 44.6–1.18 (1.22–1.18)*

Rmerge (%) 7.46 (117)*

I/σI 12.65 (1.63)*

CC1/2 1.00 (0.35)*

Completeness (%)/Redundancy 99.8 (98.0) / 13.2 (10.8)*

Refinement

Resolution (Å) 44.6–1.18 (1.21–1.18)*

No. reflections 106,000 (10,267)*

Twin operator/Twin fraction (%) k, h, -l / 40.7

Rwork / Rfree (%) 10.2 / 11.2

No. atoms 3,511

Protein (nonhydrogen)/Water 1,688 / 131

B-factors (Å2) 16.1

Protein / Water 15.0 / 29.6

R.m.s. deviations

Bond lengths (Å) / angles (°) 0.011 / 1.36

Ramachandran outliers (%) 0.4

Ramachandran favored (%) 98.0

Clashscore 0.00

*Highest resolution shell is shown in parenthesis.

doi:10.1371/journal.pbio.1002411.t001
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Fig 3. Pore diameter and the extended selectivity filter. (A) Individual profiles of AtTIP2;1 (green), glycerol-permeable EcGlpF (blue), water-specific
SoPIP2;1 (closed conformation; purple), andHsAQP4 (orange), as well as average diameter of five other open water-specific AQP structures (dashed line).
Protein Data Bank IDs are provided in S1 Table. NPA region and selectivity filter (SF) indicated by shading. In contrast to previously reported structures of
AQPs, where the SF region constitutes the most narrow part of the channel, the pore diameter of AtTIP2;1 is more uniform throughout the channel. (B)
Graphic representation of a side view of the AtTIP2;1 pore aligned with (A). The selectivity filter is highlighted by stick representation of residues in positions
H2P, HEP, and LCP (left to right). Nondisplayed residues at positions H5P and LEP are located in front of the visual plane. Close-up depicts electron density at
4σ. The high resolution of the structure makes it possible to pinpoint the nitrogen atoms in imidazole rings of histidines. The Nε of LCP-His 131 forms a
hydrogen bond (dashed yellow line) to a water molecule (Wat2) in the pore. (C) Vacuolar (top view of AtTIP2;1) and corresponding extracellular view
(SoPIP2;1 and EcGlpF) on the amino acid residues at the five positions (H2P, LCP, H5P, LEP, and HEP) comprising the extended selectivity filter of the pore.
AtTIP2;1 (green) is compared to the water-specific SoPIP2;1 (purple) and the glycerol-permeable EcGlpF (blue). In AtTIP2;1, histidines at H2P and LCP

stabilize the arginine (Arg 200) at HEP in a novel orientation, which is clearly different from its positioning in structures of water-specific and glycerol-
permeable AQPs. The spatial orientation of the backbone carbonyls at position LEP is similar in AtTIP2;1 and EcGlpF, whereas it deviates in the water-
specific SoPIP2;1. The Ile 185 at H5P of AtTIP2;1 results in a wider SF region compared to water-specific AQPs that have a histidine at this position. (D) The
conservation of residues in the extended selectivity filter displayed in (C). The LCP position that extends the selectivity filter is boxed in red. Plant TIPs and
mammalian AQP8s are similar and distinctly different from water-specific AQPs in animals and plants (PIPs, plasmamembrane intrinsic proteins), as well as
the glycerol channel GlpF. Conservation patterns suggest a similar orientation of the conserved arginine at position HEP of the selectivity filter of all TIPs and
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in loop C (Fig 3D), which can form a hydrogen bond to the backbone carbonyl of the amino
acid residue at position LEP. This group II-specific interaction directs the LEP carbonyl to the
center of the pore and quasiparallel to the membrane. In this conformation, the peptide bonds
of this and the two preceding residues are contorted. In contrast, the AQPs lacking an aspara-
gine at position LCP place the backbone carbonyl of the amino acid residue at position LEP

(Gly 194 in AtTIP2;1)—and preceding residues of loop E—in a more relaxed conformation,
resembling that of a corresponding carbonyl (Gly 80) in the quasisymmetry-related loop B (Fig
1A). The variation of the carbonyls of the amino acid residues at position LEP is spatially small
and hence has little effect on the pore diameter per se, but it significantly affects hydrogen
bonding to substrates. Thus, the identity of the amino acid residue at position LCP in loop C
appears to be relevant for substrate specificity, not only in ammonia permeable AQPs but also
in water-specific isoforms.

Ammonia Specificity
To investigate the contribution of the amino acid residues in the extended selectivity filter to
substrate specificity, we analyzed the permeability of the water-specific human AQP1
(HsAQP1) and AtTIP2;1 using in vivo and in vitro assays. Both these channels have the con-
served arginine at position HEP of the selectivity filter but, as established by our structure, the
spatial location of its side chain relative to the pore differs. Expectedly, substituting all four
deviating residues of the extended selectivity filter in a quadruple mutant of AtTIP2;1 to the
corresponding residues of HsAQP1 abolished complementation in a yeast growth assay prob-
ing for ammonia permeability (Fig 4). Single point mutations at each of the four positions spec-
ify that all of the individual substitutions except the exchange of histidine for phenylalanine at
H2P are compatible with ammonia permeability in AtTIP2;1. The incompatibility of the phe-
nylalanine may be explained by its different electrostatics and slightly larger size, which would
be in conflict with the orientation of the arginine at position HEP in the selectivity filter of
AtTIP2;1. The spatial orientation of the arginine at position HEP in AtTIP2;1 is constrained by
loop C and the histidine at position LCP, hence the introduced phenylalanine at H2P is likely to
adopt an alternative position where it occludes the pore. The compatibility of the three other
single mutations may at first appearance be explained by their polar nature, allowing formation
of hydrogen bonds to ammonia. However, as mentioned above, at position LEP, the hydrogen
bond to the substrate is offered by the backbone carbonyl rather than the side chain. Interest-
ingly, a double mutation in helix 5 (position H5P) and loop E (position LEP) of the selectivity
filter failed to demonstrate ammonia permeability in the growth assay. This may indicate that a
small and flexible residue at position LEP of AtTIP2;1 is required to allow its carbonyl to inter-
act with the substrate in the presence of a histidine at position H5P.

The identification of determinants for substrate specificity based on functional knockout
mutants is complicated by possible trivial explanations for loss of function, such as misfolding
of the protein or failure to reach the plasma membrane. Therefore, rather than just trying to
eradicate the ammonia specificity of AtTIP2;1 by mutations, we chose to focus on gain-of-func-
tion mutants of the water-specificHsAQP1 in an attempt to mimic the ammonia and water
permeability of AtTIP2;1. Hence, the four deviating residues in the extended selectivity filter of
HsAQP1 were mutated in a stepwise fashion to probe if a histidine at LCP, which may force the
arginine at LEP ofHsAQP1into an AtTIP2;1-like position, was enough to achieve a matching
substrate selectivity, or if additional substitutions were required. Unexpectedly, only the

AQP8s, and furthermore that individual subgroups of TIPs and water-specific AQPs might have evolved specialized substrate profiles (details in S2 Table).
Asterisk denotes identity to TIP2s, and colors highlight selectivity filters shown in (C).

doi:10.1371/journal.pbio.1002411.g003
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quadruple HsAQP1 mutant (H2P-F56H, LCP-N127H, H5P-H180I, LEP-C189G) showed signif-
icant growth compared to the empty vector control in the yeast complementation assay for
ammonia permeability (Fig 5). Stopped-flow experiments were conducted to quantitate ammo-
nia and water permeability rates of theHsAQP1 mutants and the controls. To compare relative
specificities independently of differences in expression levels of the correctly folded protein in
the yeast plasma membrane, the ratios of these rates were calculated (Table 2). Albeit the two
rates represent alkalization and swelling rates in two different arbitrary units, their ratios offer
an informative measure of the relative specificity in comparisons between mutated and wild
type proteins. Whereas wild typeHsAQP1 only conducts water, AtTIP2;1 showed a significant
ammonia permeation rate, corresponding to approximately 3% of the water permeation rate in
this strain. Interestingly, the same ratio was only obtained for the quadruple mutant of
HsAQP1, showing that these four substitutions are sufficient to reproduce an AtTIP2;1-like
specificity in HsAQP1. Two other mutant forms of HsAQP1, namely the H5P-H180I single
mutant and the triple mutant (H2P-F56H, LCP-N127H, H5P-H180I), exhibited a higher speci-
ficity for ammonia than AtTIP2;1 and similar absolute ammonia rates as the quadruple
mutant, but surprisingly failed to complement the ammonia transport deletion strain in the
growth assay. Insufficient water permeability of these mutants may explain these observations,
implying that a dual permeability might be necessary for an efficient ammonia uptake in vivo.
The impaired water permeability is likely to be a result of the higher hydrophobicity of

Fig 4. Growth complementation of ammonium uptake-defective yeast strain by mutants of AtTIP2;1. The 31019b yeast strain (Δmep1–3) was
transformed with the empty vector pYeDP60u or with pYeDP60u-carrying cDNA encoding the positive controlsHsAQP8 or HsAQP1, or AtTIP2;1 or its
mutants. The five amino acid residues of the extended selectivity filter in each construct are indicated in one letter code to the left in the order H2P, LCP, H5P,
LEP, and HEP, showing substitutions in bold. Complementation and failure to complement are indicated by + and −, respectively. Transformants were spotted
at an OD600 of 1 (right column) and 0.01 (left column) on plates containing 0.2% proline or the indicated concentrations of ammonium as a sole nitrogen
source and growth was recorded after 13 d at 28°C. Each panel showing growth at a specific concentration is compiled by individual pictures of each spot
taken from a distinct growth condition. All single pictures were treated in the same manner.

doi:10.1371/journal.pbio.1002411.g004
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isoleucine replacing the histidine at position H5P ofHsAQP1. Apparently, water permeability
is restored in the quadruple mutant by the LEP-C189G mutation. This is consistent with con-
servation of a small amino acid residue (alanine or glycine) at LEP of TIPs. A small residue may
allow the carbonyl oxygen in LEP—not hydrogen bonded to an amino acid at position LCP—to
adopt the relaxed position and interact with waters in the selectivity filter more efficiently. In
contrast to earlier mutational studies [4], our new structural insight has allowed us to rationally
design and implant a TIP2-like substrate profile to a water-specific AQP.

Although the high resolution structure of AtTIP2;1 allowed us to discriminate between
nitrogen and carbon atoms in side chains of histidines (Fig 3B), it would not be possible to dis-
tinguish nitrogen of ammonia from oxygen of water in the pore of AtTIP2;1 due to their similar
electron density and expected low ammonia occupancy. To get a more detailed view of the sub-
strate specificity in AtTIP2;1, we therefore employed MD simulations. Water permeation was
seen at high frequency (pf ± SD) corresponding to approximately 25 ± 4 × 10−14 cm3 s−1 (S2
Fig), which is about four times as high as estimated for human AQP1. The high water perme-
ation in AtTIP2;1 is consistent with its low free energy for water (S3 Fig). Notably, spontaneous
ammonia permeation events were observed in unbiased simulations with a length of 400 ns (S1
Movie) and verified by umbrella sampling simulations yielding a free energy barrier of approxi-
mately 15 kJ/mol (Fig 6A) in line with a high ammonia permeability. Further analysis shows
that desolvation effects are compensated for by several hydrogen bonding residues at the

Fig 5. Growth complementation of ammonium uptake-defective yeast strain by mutants ofHsAQP1. The 31019b yeast strain (Δmep1–3) was
transformed with the empty vector pYeDP60u or with pYeDP60u carrying cDNA encoding the positive controlsHsAQP8 or AtTIP2;1, or HsAQP1 or its
mutants. The five amino acid residues of the extended selectivity filter in each construct are indicated in one letter code to the left in the order H2P, LCP, H5P,
LEP, and HEP, showing substitutions in bold. Complementation and failure to complement are indicated by + and −, respectively. Transformants were spotted
at an OD600 of 1 (right column) and 0.0001 (left column) on plates containing 0.2% proline or the indicated concentrations of ammonium as a sole nitrogen
source and growth was recorded after 13 d at 28°C. Each panel showing growth at a specific concentration is compiled by individual pictures of each spot
taken from a distinct growth condition. All single pictures were treated in the same manner.

doi:10.1371/journal.pbio.1002411.g005
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selectivity filter (Fig 6A–6C), substantially lowering the energetic barrier in this region, where
it peaks for the water-specific HsAQP1 [25]. In contrast to a simple model membrane (S3 Fig),
the tonoplast contains sterols [26], which increase the impermeability to polar molecules.
Therefore, the ammonia permeability of AtTIP2;1 is compared to a cholesterol containing
model membrane with a free energy barrier for ammonia of 20 kJ/mol (Fig 6A). Due to these
differences in energy barriers, the permeability of AtTIP2;1 is an order of magnitude higher.

Accumulation of Ammonium at the Surface
It is debated whether aquaammoniaporins are permeated by ammonium ions or not [27]. This
has physiological relevance, since an effective exclusion of ammonium ions is necessary to
acid-trap it in the vacuole. MD simulations containing ammonium ions showed no spontane-
ous permeation events, as expected due to electrostatic repulsion and desolvation effects in the
pore. This brings to mind the ammonia transporter AmtB, which is generally considered to
have a similar ammonium/ammonia selectivity, but where ammonia permeation has been pro-
posed to be stimulated by ammonium recruitment to the noncytosolic vestibule [28]. We there-
fore investigated if ammonium ions accumulate on the vacuolar surface of AtTIP2;1. A
comparison of the electrostatics reveals that the vacuolar surface of AtTIP2;1 is distinctly more
negative than the corresponding surface of another plant AQP, the extracellular surface of the
plasma membrane located water-specific SoPIP2;1 that we established the structure of at 2.1 Å
resolution [14] (S4 Fig). The negative vacuolar surface of AtTIP2;1 is predominant at exposed
acidic residues (Asp 48, Asp 52, Asp 210). Indeed, our MD simulations show a local enrich-
ment of ammonium ions at these acidic residues (Fig 7A). Although the exact positions of
acidic residues vary, a negative vacuolar surface constitutes a conserved feature among TIPs,
which implies a generality of this finding.

Table 2. Transport rates for ammonia and water in yeast cells expressing AtTIP2;1,HsAQP1, or mutants ofHsAQP1mimicking the selectivity filter
of AtTIP2;1.

Construct (SF position) Ammonia × 10−2

(s−1)*
Water (s−1)* Background corrected

rates† (s−1)
Ammonia/ water‡ ×

10−2
Specificity§

Ammonia × 10−2 Water

Empty vector 6.7 ± 0.1 0.25 ± 0.01 0 0 NA NA

AtTIP2;1 39.1 ± 0.1 10.5 ± 0.1 32.4 10.2 3.2 ± 0.03 AtTIP2;1-like

HsAQP1 wt 6.3 ± 0.04 33.5 ± 0.2 0 33.2 0 Water

N127H (LCP) 4.7 ± 0.03 1.4 ± 0.001 0 1.13 0 Water

F56H (H2P) N127H (LCP) 6.1 ± 0.04 1.9 ± 0.01 0 1.62 0 Water

H180I (H5P) 11.5 ± 0.1 0.57 ± 0.0005 4.8 0.32 15 ± 1 Ammonia

N127H (LCP) H180I (H5P) 5.5 ± 0.03 0.31 ± 0.0004 0 0.05 NA NA

F56H (H2P) N127H (LCP) H180I (H5P) 9.9 ± 0.1 0.33 ± 0.0005 3.2 0.07 44 ± 3 Ammonia

F56H (H2P) N127H (LCP) H180I (H5P)
C189G (LEP)

12.4 ± 0.1 2.2 ± 0.02 5.7 1.91 3.0 ± 0.1 AtTIP2;1-like

*Rates ± standard error of the fit calculated in GraphPad Prism.
†Rates for the strain with empty vector were subtracted for background correction. Negative rates were set to 0.
‡Background corrected rates were used to calculate the ratio as a measure of the substrate specificity. Ratios are presented ± propagated errors derived

from given rates and their standard errors of the fit (see *).
§A lower ratio than AtTIP2;1 is classified as water specificity, a higher as ammonia specificity, and a similar ratio as AtTIP2;1-like.

NA, not applicable due to insignificant water and ammonia transport rates; wt, wild type.

doi:10.1371/journal.pbio.1002411.t002
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Fig 6. MD simulations of AtTIP2;1. (A) The potential mean force (PMF) profiles for ammonia through AtTIP2;1 (red) and through a model membrane
containing 20% cholesterol (green). In the lower part of the panel, the number of hydrogen bonds between ammonia and AtTIP2;1 are shown as function of
position along the pore axis. Interactions with residues in the extended selectivity filter depicted in (C) are color-coded to resolve their contribution (H2P-His
63 (blue), LCP-His 131 (red), LEP-Gly 194 (green) and HEP-Arg 200 (brown)), and demonstrate hydrogen bonding to each of the four polar residues of the
extended selectivity filter. (B) Snapshots of ammonia permeation. Cross section of AtTIP2;1 shown as grey surface and green cartoon of the backbone. Side
chains of selected amino acid residues in the selectivity filter are displayed as sticks and color coded as in (C). (C) Close-up of an ammonia molecule at the
center, forming hydrogen bonds to four residues (H2P-His 63, LCP-His 131, LEP-Gly 194, and HEP-Arg 200) of the selectivity filter. The hydrogen bonds are
indicated by orange dashes and distances are given in Å. Ile 185 at position H5P of the selectivity filter, located in front of the visual plane, is not shown. The
underlying data of panel A can be found in S1 Data.

doi:10.1371/journal.pbio.1002411.g006
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Conceivable Function of the Side Pore
Considering the low pH in some vacuoles and accumulation of ammonium on the vacuolar
surface of AtTIP2;1, the permeation efficiency would clearly benefit if ammonium contributes
to channeling of ammonia. How then is ammonium deprotonated? The distal position of the
second vacuolar loop (loop C) relative to Arg 200 at position HEP in helix E hints at an expla-
nation. In fact, structure and MD simulations concur that loop C leaves enough space for a
continuous side pore reaching from the selectivity filter all the way to the vacuolar surface (Fig
7A–7D). In all previously reported AQP structures, the HEP-arginine is directly hydrogen
bonded to the backbone carbonyl oxygen of the residue corresponding to Pro 129 of loop C. In
AtTIP2;1, this contact is instead mediated via a water molecule (Wat 10; Fig 7D) occupying a
similar position as the arginine-binding carbonyl oxygen in other AQP structures. Interest-
ingly, the peptide bond preceding the TIP2-specific histidine (His 131) at position LCP in loop
C retains an unusually large dihedral angle (19°) [29], and this contortion would be even larger
with a deeper position of loop C. To explore if His 131 at position LCP and the side pore could

Fig 7. Ammonium accumulation and possible proton pathway. (A) MD simulations showing ammonium accumulation (blue mesh) at aspartate residues
(yellow sticks) at vacuolar (top) and cytosolic (bottom) side of AtTIP2;1. Water density (purple mesh) outlines the vertical main pore of the monomer and
confirms existence of a water-filled side pore beneath loop C. Residues of the extended selectivity filter are depicted as sticks (H2P-His 63 (blue), LCP-His
131 (red), LEP-Gly 194 (green), and HEP-Arg 200 (brown)). (B) and (C) MD simulations demonstrating flexibility of His 131 at position LCP being neutral (B)
and positively charged (C). Color code as in (A). (D) Surface representation of the crystal structure depicting the water-filled side pore beneath loop C.
Hydrogen bonds of water 10 (Wat10) as well as between Arg 200 at position HEP in helix E and His 63 at position H2P in helix 2 are indicated by dashed
orange lines. (E) Tentative working model of ammonia-permeating AtTIP2;1. Ammoniummay contribute to ammonia permeation by accumulating on the
vacuolar protein surface and by possibly having its protons shuttled back into the acidic vacuole by His 131 (red) at position LCP in loop C via a water-filled
side pore.

doi:10.1371/journal.pbio.1002411.g007
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play a role in facilitating deprotonation of ammonium, we conducted further MD simulations.
Ammonium deprotonation via LCP-His 131 through the side pore most likely requires a posi-
tional shift of this residue away from ammonia and towards a water molecule in the side pore
(Wat 11) to get in hydrogen bond distance. The simulations indicate that the angle of the His
131 side chain (chi 1) remains as in the crystal structure when neutral (Fig 7B and S5 Fig),
whereas in a protonated, i.e. positively charged state, an alternative orientation towards Wat 11
is indeed observed (Fig 7C, S5 Fig and S6 Fig). Furthermore, as simulations support the side
pore as being continuously solvated, from His 131 to the vacuolar exit, it offers a proton wire
for return of protons to the vacuolar environment, as ammonium is transferred to the pore as
ammonia. These findings lead us to speculate about a possible TIP2-specific mechanism (Fig
7E) where histidine (His 131) at position LCP in loop C shuttles protons from the main pore to
the vacuolar surface via the side pore, using a Grotthuss mechanism, putatively enhancing the
permeation rate of ammonia from the vacuole under nonequilibrium flux conditions.

Discussion
The atomic structure of the water and ammonia permeable AtTIP2;1 provides new insights
into the substrate selectivity of AQPs. The structure reveals an extended selectivity filter,
including a fifth amino acid residue at position LCP in loop C that also may play a role in defin-
ing substrate profiles of the entire AQP superfamily. The importance of the extended selectivity
filter is demonstrated by mutational studies in vivo and in vitro, showing gain-of-function of
AtTIP2;1 substrate selectivity in the water-specific human AQP1. MD simulations support
ammonia conductance and a lack of ammonium permeability. As expected from the structure,
ammonia interacts with LCP-His 131 and behaves similar to water in the pores of AQPs [18],
reorienting in the NPA region at the N-termini of helix B and helix E due to their macro
dipoles (S1 Movie). Based on structural analyses and simulations, we describe a selectivity filter
that is highly permeable to ammonia due to its width and many potential polar contacts with
the substrate and speculate on a mechanism in which ammonia permeation may be further
increased by ammonium accumulation at the vacuolar protein surface, deprotonation through
the TIP2-specific LCP-His 131, and proton transfer via a previously unidentified water-filled
side pore. It should be stressed that there is only limited support from simulations for this spec-
ulation, and without confirmatory structures it is difficult to specifically target the side pore by
mutations or to predict if it is a conserved feature of other TIPs and AQP8s. However, we find
it most likely that the conserved arginine at position HEP in helix E of other TIPs and AQP8s
adopt the same conformation, as shown here for AtTIP2;1, due to aromatic residues at position
LCP in loop C and hydrogen bonding residues at position H2P in helix 2. The conservation pat-
terns in the selectivity filter of AQP8s and separate subgroups of TIPs indicate that a functional
differentiation has evolved among aquaammoniaporins. TIP2s and TIP4s of higher plants are
similar to TIP6s found in primitive plants like mosses and are therefore likely to represent orig-
inal functions and mechanistic features of TIPs. In contrast, TIP1s and TIP3s, which appear
with the emergence of seed plants, as well as AQP8s in animals, lack the histidine at position
LCP, which is proposed here to enhance deprotonation of ammonium. Such variations among
aquaammoniaporins may relate to pH-dependent properties, which however remains to be
investigated. In this context, it should be mentioned that both AQP8 and an AtTIP2;1 mutant
lacking the histidine at position LCP complemented ammonia permeability in the growth assay
equally well or better than the wild type AtTIP2;1, demonstrating that a histidine at this posi-
tion is not essential for efficient ammonia uptake under these conditions. The AtTIP2;1 struc-
ture will facilitate modeling of other AQPs including human AQP8 and may therefore also
help to elucidate the molecular basis of ammonia permeation in man.
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From our results, it is clear that AtTIP2;1 can enhance the ammonia permeability of mem-
branes, but conditions linking an ammonia-related phenotype to TIPs have so far not been
reported in plants [30]. Plants emit significant amounts of ammonia from their leaves, and
ammonia generated by photorespiration further accentuate losses, implying a limited capacity
of ammonia reassimiliation enzymes [31]. We expect that high ammonia permeability of the
tonoplast and rapid acid-entrapment of ammonium in the vacuole is especially important
under transient periods of photorespiration when it counteracts high levels of ammonia in the
cytosol and thereby reduces losses over the plasma membrane, giving reassimilation pathways
time to incorporate more of the generated ammonia. Hence, we propose that expression of
ammonia-permeable mutant AQP isoforms in the plasma membrane, such as PIP2 mutants
having a TIP2-like extended selectivity filter, combined with regulation of TIP expression can
be used to vary the relative ammonia permeability of the plasma membrane and the tonoplast
to explore effects on ammonia emission under these conditions. Control of ammonia emission
by regulation of ammonia permeability in membranes could potentially open up a new way to
improve the nitrogen use efficiency in plants.

Materials and Methods
For details, see Supporting Information S1 Text.

AtTIP2;1 with an N-terminal deca-His-tag was expressed in Pichia pastoris and purified as
previously described [32]. Briefly, membranes were urea washed and solubilized with 10% n-
octyl-β-D-glucoside (OG). The protein was purified by nickel affinity chromatography,
employing a 100 mM imidazole wash, followed by size exclusion chromatography using an
S200 column. Functionality was verified by stopped-flow analyses of proteoliposomes.

Hanging drop vapor-diffusion crystallization was performed at room temperature using a
reservoir solution consisting of 50 mMmagnesium/sodium acetate pH 5.0 and 28% (v/v) PEG
400 and crystals were flash-cooled in liquid nitrogen. Data were collected at 1 Å wavelength on
the X06SA (PXI) beamline at the Swiss Light Source, Villigen, Switzerland. The structure was
solved by molecular replacement and the model built manually. Refinement excluded 3%
reflections, including twin-mates, and resulted in a twin fraction of 40.7%, reaching Rwork and
Rfree-values of 10.2% and 11.2%, respectively. Ramachandran outliers and residues in unfa-
vored regions were manually inspected.

Mutant studies of AtTIP2;1 and HsAQP1 were executed using protoplasts and intact cells
from Saccharomyces cerevisiae, as previously described [33].

The simulations were conducted with the GROMACS 4.5 software [34] using the
CHARMM36 forcefield [35]. To study the properties of AtTIP2;1, the protein was embedded
in a 1-Palmitoyl-2-oleoylphosphatidylcholine (POPC) bilayer. Three unbiased 500 ns simula-
tions were conducted to study the equilibrium behaviour of AtTIP2;1, in the presence of water,
ammonia or ammonium ions. Umbrella sampling was employed to calculate the PMF for per-
meation of water and ammonia [36,37].

Supporting Information
S1 Data. Numerical data used in preparation of Figs 2A–2D and 6A, S2, S3, S5 and S6 Figs.
(XLSX)

S1 Fig. Selectivity filter carbonyls in loop E cluster in two distinct spatial groups. (A) HEP-
arginine (R200) of AtTIP2;1 is shown for orientation. Carbonyls at LEP of water-specific AQPs
form group II (violet shading), and most of them are within hydrogen-bonding distance to two
water molecules in their structures as illustrated by SoPIP2;1 (PDB ID 1Z98; violet). Carbonyls
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of non-water-specific channels gather in a different location (group I; green shading). Among
those are AtTIP2;1 (green), glycerol transport facilitating, and uncharacterized proteins
(AfAqpM, PfAQP, EcGlpF,MmAqpM), but the water-specific HsAQP4 also belongs to this
group. Like all other members of this group, HsAQP4 is lacking the LCP-asparagine (N153 in
SoPIP2;1, Fig 3D) that is conserved among the other water-specific proteins (blue shading,
only asparagines residues are shown). Each carbonyl in group II can form a hydrogen bond to
the carboxamide of this asparagine, if the carboxamide is oriented the right way. A certain flex-
ibility is suggested by the special case ofHsAQP0, where different structures are available
(1YMG and 2B6O shown) and the carbonyl is seen with both orientations. Apart from the
glycerol facilitators, it appears that small residues like glycine and alanine in LEP (Fig 3D) are
required in group I, whereas slightly larger residues like cysteine or threonine can be accommo-
dated in group II. Only backbone is shown in LEP. (B) Close up of AtTIP2;1 (green) and
SoPIP2;1 (violet), showing hydrogen bonding of carbonyls at LEP and water interacting with
LCP-His 131. Side chain of LEP-Thr 219 is not shown. Main pore of AtTIP2;1 analyzed by
HOLE [38].
(TIF)

S2 Fig. Osmotic permeability (pf) values calculated fromMD simulations. pf values were cal-
culated separately for each monomer in seven 50-ns time windows. The contribution of the
individual monomers to the pf values of the tetramer are indicated by different colors and aver-
age values per monomer and standard deviation in each time window are indicated by the
black line and error bars. The underlying data can be found in S1 Data.
(TIF)

S3 Fig. PMF for water across the AtTIP2;1 channel calculated from the equilibrium trajec-
tory (black). The error bars are the standard deviation of the PMF over the four monomers of
the protein. PMF profile for ammonia across a model membrane without cholesterol is shown
in blue. The underlying data can be found in S1 Data.
(TIF)

S4 Fig. Corresponding vacuum electrostatic maps of two plant AQPs. The noncytosolic sur-
face of the tetramer of SoPIP2;1 (left, facing the apoplast) and AtTIP2;1 (right, facing the inte-
rior of the vacuole). Positive and negative electrostatic potentials calculated by PyMol [39] are
marked by gradients of blue and red, respectively.
(TIF)

S5 Fig. Dihedral populations of LCP-His 131 at three different protonated states. Chi1
angles in MD simulations with doubly protonated (positively charged; blue), Nδ protonated
(neutral; yellow), and Nε protonated (neutral; red) His 131. The underlying data can be found
in S1 Data.
(TIF)

S6 Fig. Dihedral chi1 angle of the LCP-His 131 residue in the doubly protonated His 131
simulation summarized in S5 Fig. The data is shown for final ~350 ns of the 500 ns trajectory
after the first observed transition. The His 131 residue spontaneously exchanges between its
possible configurations in all the four monomers of the protein. The underlying data can be
found in S1 Data.
(TIF)

S1 Movie. MD simulation demonstrates spontaneous ammonia permeation. AtTIP2;1
monomer is displayed in side view with LCP-His 131 of the selectivity filter as well as Asn 83
and Asn 197 in the NPA region shown as sticks. An ammonia molecule (sphere representation)
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enters the main pore from the cytosolic side of the protein. During permeation of the pore,
ammonia reorients such that its free electron pair points towards the asparagines at the protein
center. In the course of the video, which corresponds to 2.94 ns, the imidazole group of LCP-
His 131 can be observed rotating by 180° and back again.
(MP4)

S1 Table. Protein structures used in Fig 3A.
(PDF)

S2 Table. Logos and list of accession numbers for protein sequences used to generate Fig
3D.
(PDF)

S3 Table. List of primers used to generate wild type and mutated AQP constructs.
(PDF)

S1 Text. Supporting Materials and Methods.
(DOCX)
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Crystal Structure of an Ammonia-Permeable Aquaporin 

Supporting information 

S1 Text. Supporting Materials and Methods 

Protein expression and purification  
A generic vector was constructed by modification of pPICZB (Invitrogen), introducing a 

deca-His-tag followed by a spacer 3’ of the MCS (FOR_TEV). The AtTIP2;1 sequence with 

an N-terminal TEV-site was cloned into FOR_TEV and transformed into Pichia pastoris. A 

culture of a high-expressing clone was grown in a 3 L bioreactor (HANNA, Belach 

Bioteknik) and induced by continuous feed of methanol. Cells were harvested after 2 days 

induction at an OD600 of 328 and the overexpressed protein was purified as previously 

described (1). Briefly, bead-beater-extracted membranes were washed with 4 M urea (2) and 

solubilized at room temperature in Buffer A (20 mM Hepes pH 7.8, 50 mM NaCl) supplied 

with 10% n-octyl-β-D-glucoside (OG), 2 mM β-mercapto-ethanol and 1 mM PMSF. 

AtTIP2;1 was purified in Buffer A supported by either 0.6% n-nonyl-β-D-glucoside (NG) for 

mercury inhibition assays or 0.8% OG for other liposome assays and crystallization. 

Solubilized membranes were bound to Ni-NTA beads (Qiagen) for at least two hours at 4°C. 

Ni-affinity chromatography was done on column maintaining reducing conditions of 4 mM β-

mercapto-ethanol. Bound proteins were washed with 100 mM imidazole prior to elution. 

Eluted proteins were immediately separated further in Buffer A containing 2 mM 

dithiothreitol (DTT) by size exclusion chromatography on a S200 (GE Healthcare) at 4°C. 

The tetrameric fraction was concentrated to 13 – 17 mg protein/mL and stored at 4°C. 

Crystallization and structure determination 
Vapor-diffusion crystallization was performed at room temperature with 1 + 1 µL hanging 

drops. Several initial crystal hits were found within 3 – 7 days in MemGold (Molecular 

Dimensions) and PEGRx2 screen (Hampton Research). Initial diffraction was seen at 
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beamlines I911-2 and -3 at Max-Lab, Lund, Sweden. Data for the presented structure was 

collected at 1 Å wavelength on the X06SA (PXI) beamline at the Swiss Light Source, 

Villigen, Switzerland on a crystal grown over a reservoir solution of 50 mM 

magnesium/sodium acetate pH 5.0 and 28% (v/v) PEG 400. Data was integrated with XDS 

(3) and molecular replacement was based on the structure of HsAQP4 PDB ID code 3GD8). 

Refinement was done with Refmac5 initially using detwinned data (detwin) and manually 

build with Coot(4) included in CCP4 package (5, 6). For further refinement 3% reflections 

(including twin-mates) were excluded from original twinned data for Rfree. Final refinement 

included hydrogens and resulted in a twin fraction of 40.7%. Structures were analyzed and 

pictures created in PyMOL (7). Rampage (8) locates 233 amino acid residues (98.7%) in the 

favored and 3 (1.3%) in the allowed region and crystallographic statistics calculated by 

MolProbity (9) are found in Table 1. Pore diameters of selected AQPs (Table S1) were 

analyzed with the program HOLE (10) excluding waters and non-proteogenic molecules. 

Functional assays of purified protein 
For kinetic assays, liposomes with and without protein were made by dialysis. For water 

transport assays at different pH, 66 µg protein and 2 mg E. coli POLAR lipids (Avanti), lipid-

to-protein-ratio 30 (LPR 30), were dialyzed per mL Tris-buffer (20 mM pH 8.0, 100 mM 

NaCl, 2 mM DTT). Likewise for mercury inhibition, His-trap purified and desalted (PD-10, 

GE Healthcare) protein was reconstituted in liposomes at LPR 50. Vesicles for ammonia 

transport (LPR 16) were reconstituted in MOPS buffer (5 mM pH 5.6, 100 mM NaCl, 2 mM 

DTT) containing 0.5 mM carboxy-fluorescein. To determine water permeability, extruded 

vesicles (9 times by 200 nm filter) were diluted 10 times in either Tris-buffer (20 mM pH 8.0, 

100 mM NaCl) or MOPS buffer (50 mM pH 5.0, 100 mM NaCl) resulting in pH 5.4. The 

diluted proteoliposomes were subjected to a 100 mM sorbitol gradient in a stopped-flow 

device (SF-61DX2, TgK Scientific Limited), and out-flow of water was followed by 
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observing 90°-scattering at 500 nm. To inhibit protein-facilitated transport, proteoliposomes 

at pH 8.0 (LPR 50) were preincubated 30 min with 1 mM HgCl2. A single exponential decay 

function was fitted to an average of 7–15 curves by Kinetic studio (TgK Scientific Limited). 

Vesicles to measure ammonia transport were pelleted by centrifuging 1 h at 145,000×g and 

4°C, washed with 10 mL buffer without carboxy-fluorescein and centrifuged again 

immediately before use. The pellet was resuspended with MOPS buffer to a final lipid 

concentration of 0.2 mg/mL and filtered with a 200 nm syringe filter (Sarstedt). In stopped-

flow experiments, NaCl was partially exchanged for NH4Cl, and a change in fluorescence 

was recorded at an excitation of 490 nm using a cut-off filter of <495 nm. When NH3, which 

constitutes approximately 0.022% of the total NH4
+/NH3 pool at pH 5.6, permeates the 

membrane the weakly buffered solution in the liposomes is alkalized and the quantum yield 

of carboxy-fluorescein increases. The single exponential rate constant of a decay function 

was fitted to ca. 10 curves between 3.8 ms (delay time) and 50 ms using GraphpadPrism (11). 

Generation of constructs for mutational studies 
The PCR products for mutated and non-mutated aquaporin constructs were directionally sub-

cloned, using a uracil excision-based improved high-throughput USER cloning technique 

(12), into the USER-compatible yeast expression vector pYeDP60u (13). Point mutations 

were introduced into HsAQP1 by PCR using the corresponding mutation primers (Table S3). 

The different PCR products were assembled into pYeDP60u using the efficient method for 

simultaneous fusion and cloning of multiple PCR products (14). All constructs were verified 

by DNA sequencing. 

Yeast strain and growth assay 
The Saccharomyces cerevisiae yeast strain 31019b (15) was transformed with pYeDP60u or 

pYeDP60u containing cDNA encoding the respective aquaporin isoforms or their mutants. 

Transformants were spotted on synthetic medium containing 2% galactose, 50 mM succinic 
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acid / Tris base, pH 5.5, 0.7% yeast nitrogen base without amino acids and ammonium 

(Difco) supplemented with 0.2% proline or different concentrations of (NH4)2SO4 as a sole 

nitrogen source. After 9 to 13 days of incubation at 28°C, differences in growth and survival 

in the complementation assays were recorded. The yeast growth assay was repeated in four 

independent experiments with consistent results. 

Permeability of yeast cells and protoplasts 
Overexpression in yeast and preparation of intact cells and protoplast for stopped-flow 

experiments was performed as previously described (16). Briefly, S. cerevisiae strains 

containing vectors to express the different constructs were grown in 5 mL liquid SD-ura 

medium overnight at 30°C. 200 µL of each of these precultures were used to inoculate 25 mL 

SGal-ura medium and incubated for 48 h at 30°C. For preparation of protoplasts, 10 mL of 

each culture was pelleted gently (500×g, 5 min) and cells were washed with 4 mL 

equilibration buffer (50 mM potassium phosphate pH 7.2, 40 mM -mercapto-ethanol). Cell 

walls were degraded for 30 min at 30°C in digestion buffer (equilibration buffer 

complemented with 2.4 M sorbitol, 50 mg/mL bovine serum albumin, and 0.5 mg/mL 

Zymolyase 20T). Protoplast were washed with 4 mL buffer 1A (10 mM Tris pH 8.0, 50 mM 

NaCl, 5 mM CaCl2, 1.8 M sorbitol), resuspended in 1 mL buffer 1A and stored on ice until 

used. To determine water permeability, protoplasts were subjected to a 300 mM hypo-

osmolar sorbitol gradient and water influx was followed by recording scattering (see above). 

A single exponential decay function was fitted to 12 – 16 normalized curves by GraphPad 

Prism (11). 

To prepare samples for ammonia measurements, 10 mL intact cells per construct were 

washed in loading buffer (50 mM Hepes pH 7.0, 5 mM 2-deoxy-glucose) and incubated in 

50 µM fluorescein diacetate for 20 to 30 min at 30°C. Fluorescein loaded cells were washed 

with buffer 2A (5 mM Tris pH 8.0, 50 mM NaCl) and stored at 4°C in the dark until use. 
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Cells were washed again prior to the stopped-flow experiment, if not used immediately after 

dye load. Fluorescein loaded intact yeast cells were rapidly mixed with equal volumes of 

buffer 2B (as buffer 2A, but NaCl exchanged for 50 mM NH4Cl) creating a 1.3 mM inward 

ammonia gradient. Increased fluorescence (excitation wavelength 490 nm) upon alkalization 

was detected at 90° angle behind a long-pass filter with a cut-on wavelength of 530 nm. 

Between 2 and 14 curves were normalized per sample to fit an exponential function in 

GraphPad Prism. 

MD simulations 
The simulations were conducted with GROMACS 4.5 (17). The protein was embedded in a 

1-Palmitoyl-2-oleoylphosphatidylcholine (POPC) bilayer of 304 molecules using g_membed 

(18). The system was simulated in the presence of 28,566 explicit molecules of TIP3P water 

(19) and an ion concentration of 0.15 M KCl. The temperature was kept at 300 K using a 

Velocity rescale thermostat (20) and the pressure was similarly maintained at 1 atmosphere 

using a Berendsen barostat (21). The CHARMM36 forcefield was used for all simulations 

(22). The electrostatic interactions in the system were treated explicitly with a PME method 

using a real space cut-off of 1.2 nm (23). The Lennard-Jones interactions were treated with a 

switch function with the switch at a distance of 0.8 nm and a cut-off at 1 nm. The parameters 

used for simulating the ammonia were obtained from the charmm small molecules library 

(24). The ammonium parameters were obtained by modifying the methylammonium ion 

parameters (24). The lipid bilayers were created with the CHARMM-GUI web application 

(25). 

Three unbiased 500 ns simulations were run, studying the equilibrium behavior of the 

channel. The first of these was performed in the presence of water only to calculate the 

osmotic permeability (pf). This was done using the collective diffusion method (26, 27). To 

calculate the averages for the pf, the last 350 ns of the simulation were taken and divided into 
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seven sections of 50 ns each. The pf was separately computed for each monomer and the 

average over the four monomers per section was used as the measure of the pf and the 

standard deviation was used to estimate the statistical error. In conjunction with this first 

unbiased simulation, two additional simulations were conducted for 300 ns to study the effect 

of different protonation states on the chi1 angle populations of His 131. From these 

simulations the first 100 ns were discarded to account for the equilibration and the last 200 ns 

were used for analysis. 

The second and the third unbiased simulations were carried out in the presence of 100 

molecules of ammonia and ammonium ions, respectively. The molecules were equally 

distributed into the two compartments formed by the bilayer. In these simulations the first 

100 ns were discarded to allow for equilibration. The densities for the ammonium ions and 

water were plotted with the volmap tool from VMD (28). 

To calculate the Potential of Mean Force (PMF) for the permeation of ammonia, the g_wham 

tool from GROMACS 4.5 was used (29) in the same manner as used by Hub et al. (30). In 

order to ensure that the comparison between the PMFs presented is meaningful we use the 

cylindrical restraints as used by Hub et al. (31). In this framework we introduce a flat bottom 

potential around the ammonia molecule, which restricts the target of umbrella sampling 

within a radial boundary of radius 2 nm. Within its boundary it experiences zero potential. 

Outside this boundary it experiences a harmonic potential with a force constant of 1,000 kJ 

mol-1 nm-2. This precaution ensures that the entropic effects of entering the channel pore are 

meaningfully accounted for when comparing different PMF profiles for AtTIP2;1. We do not 

symmetrize the potentials. The model membrane consisted of equal amounts of POPC and 

1,2-dipalmitoyl-glycero-3-phosphocholine (DPPC) lipids, with or without 20% cholesterol. 

The channel axis along the z coordinate was used for sampling. It was divided into 280 

windows of 0.25 Å each to yield a length of 7 nm centered at the NPA motifs. Each window 
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was simulated for 1.5 ns, 500 ps of which were discarded to allow for equilibration. A force 

constant of 1,000 kJ mol-1nm-2 was used to restrain the ammonia molecule in the window. 

The errors were calculated with the 50 iterations of the bootstrap algorithm as implemented in 

the g_wham tool (29). 

Images in Fig. 4A‒C and Movie S1 were created with the VMD program (28). Movie S1 

shows 147 consecutive frames, which are 20 ps apart from each other. For clarity, the 

trajectory of cartoon representation is smoothened with a window size of 5. The trajectories 

of amino acid residues highlighted as sticks are averaged over 2 frames (window size 1), 

while the ammonia molecule is depicted frame wise. 
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Supporting Figures 

 

S1 Fig. Selectivity filter carbonyls in loop E cluster in two distinct spatial groups. 

(A) HEP-arginine (R200) of AtTIP2;1 is shown for orientation. Carbonyls at LEP of water-
specific AQPs form group II (violet shading), and most of them are within hydrogen-bonding 
distance to two water molecules in their structures as illustrated by SoPIP2;1 (PDB ID 1Z98; 
violet). Carbonyls of non-water-specific channels gather in a different location (group I; 
green shading). Among those are AtTIP2;1 (green), glycerol transport facilitating, and 
uncharacterized proteins (AfAqpM, PfAQP, EcGlpF, MmAqpM), but the water-specific 
HsAQP4 also belongs to this group. Like all other members of this group, HsAQP4 is lacking 
the LCP-asparagine (N153 in SoPIP2;1, Fig 3D) that is conserved among the other water-
specific proteins (blue shading, only asparagines residues are shown). Each carbonyl in group 
II can form a hydrogen bond to the carboxamide of this asparagine, if the carboxamide is 
oriented the right way. A certain flexibility is suggested by the special case of HsAQP0, 
where different structures are available (1YMG and 2B6O shown) and the carbonyl is seen 
with both orientations. Apart from the glycerol facilitators, it appears that small residues like 
glycine and alanine in LEP (Fig 3D) are required in group I, whereas slightly larger residues 
like cysteine or threonine can be accommodated in group II. Only backbone is shown in LEP. 
(B) Close up of AtTIP2;1 (green) and SoPIP2;1 (violet), showing hydrogen bonding of 
carbonyls at LEP and water interacting with LCP-His 131. Side chain of LEP-Thr 219 is not 
shown. Main pore of AtTIP2;1 analyzed by HOLE [38]. 

http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.1002411.s002
http://journals.plos.org/plosbiology/article?id=10.1371%2Fjournal.pbio.1002411#pbio-1002411-g003
http://journals.plos.org/plosbiology/article?id=10.1371%2Fjournal.pbio.1002411#pbio-1002411-g003
http://journals.plos.org/plosbiology/article?id=10.1371%2Fjournal.pbio.1002411#pbio.1002411.ref038
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S2 Fig. Osmotic permeability (pf) values calculated from MD simulations. 

pf values were calculated separately for each monomer in seven 50-ns time windows. The 
contribution of the individual monomers to the pf values of the tetramer are indicated by 
different colors and average values per monomer and standard deviation in each time window 
are indicated by the black line and error bars. The underlying data can be found in S1 Data. 
doi:10.1371/journal.pbio.1002411.s003 

 
S3 Fig. PMF for water across the AtTIP2;1 channel calculated from the equilibrium 

trajectory (black). 

The error bars are the standard deviation of the PMF over the four monomers of the protein. 
PMF profile for ammonia across a model membrane without cholesterol is shown in blue. 
The underlying data can be found in S1 Data. doi:10.1371/journal.pbio.1002411.s004 

http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.1002411.s003
http://journals.plos.org/plosbiology/article?id=10.1371%2Fjournal.pbio.1002411#pbio.1002411.s001
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.1002411.s004
http://journals.plos.org/plosbiology/article?id=10.1371%2Fjournal.pbio.1002411#pbio.1002411.s001
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S4 Fig. Corresponding vacuum electrostatic maps of two plant AQPs. 

The noncytosolic surface of the tetramer of SoPIP2;1 (left, facing the apoplast) and AtTIP2;1 
(right, facing the interior of the vacuole). Positive and negative electrostatic potentials 
calculated by PyMol [39] are marked by gradients of blue and red, respectively. 
doi:10.1371/journal.pbio.1002411.s005 

 

 

 

http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.1002411.s005
http://journals.plos.org/plosbiology/article?id=10.1371%2Fjournal.pbio.1002411#pbio.1002411.ref039
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S5 Fig. Dihedral populations of LCP-His 131 at three different protonated states. 

Chi1 angles in MD simulations with doubly protonated (positively charged; blue), Nδ 
protonated (neutral; yellow), and Nε protonated (neutral; red) His 131. The underlying data 
can be found in S1 Data. doi:10.1371/journal.pbio.1002411.s006 

 
S6 Fig. Dihedral chi1 angle of the LCP-His 131 residue in the doubly protonated His 131 

simulation summarized in S5 Fig. 

The data is shown for final ~350 ns of the 500 ns trajectory after the first observed transition. 
The His 131 residue spontaneously exchanges between its possible configurations in all the 
four monomers of the protein. The underlying data can be found in S1 Data. 
doi:10.1371/journal.pbio.1002411.s007 

 

http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.1002411.s006
http://journals.plos.org/plosbiology/article?id=10.1371%2Fjournal.pbio.1002411#pbio.1002411.s001
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.1002411.s007
http://journals.plos.org/plosbiology/article?id=10.1371%2Fjournal.pbio.1002411#pbio.1002411.s006
http://journals.plos.org/plosbiology/article?id=10.1371%2Fjournal.pbio.1002411#pbio.1002411.s001
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Aquaporins (AQPs) also referred to as Major intrinsic proteins, regulate permeability of
biological membranes for water and other uncharged small polar molecules. Plants
encode more AQPs than other organisms and just one of the four AQP subfamilies
in Arabidopsis thaliana, the water specific plasma membrane intrinsic proteins (PIPs),
has 13 isoforms, the same number as the total AQPs encoded by the entire human
genome. The PIPs are more conserved than other plant AQPs and here we demonstrate
that a cysteine residue, in loop A of SoPIP2;1 from Spinacia oleracea, is forming disulfide
bridges. This is in agreement with studies on maize PIPs, but in contrast we also show
an increased permeability of mutants with a substitution at this position. In accordance
with earlier findings, we confirm that mercury increases water permeability of both
wild type and mutant proteins. We report on the slow kinetics and reversibility of the
activation, and on quenching of intrinsic tryptophan fluorescence as a potential reporter
of conformational changes associated with activation. Hence, previous studies in plants
based on the assumption of mercury as a general AQP blocker have to be reevaluated,
whereas mercury and fluorescence studies of isolated PIPs provide new means to follow
structural changes dynamically.

Keywords: aquaporin, water channel, major intrinsic protein, Spinacia oleracea, tryptophan fluorescence

INTRODUCTION

Aquaporins (AQPs) are common in all domains of life and facilitate permeation of a wide
range of small polar molecules through biological membranes (Abascal et al., 2014). AQPs are
generally found as homotetramers, where each monomer constitutes a separate pore formed by six
transmembrane helices and two short helices that are connected in the middle of the lipid bilayer
at their N-termini (Fu et al., 2000; Sui et al., 2001; Törnroth-Horsefield et al., 2006; Horsefield et al.,
2008; Kirscht et al., 2016). Members belonging to the plant subfamily of plasma membrane intrinsic
proteins (PIPs) are specifically permeable to water and show a more strict amino acid sequence
conservation than AQPs in other subfamilies (Danielson and Johanson, 2010). Function and
abundance of these proteins is tightly regulated and the high number of isoforms suggests a highly
redundant system for water homeostasis (Johanson et al., 2001; Alexandersson et al., 2005, 2010).
Structure and regulation of one particular member of the PIP subfamily from spinach (Spinacia
oleracea), SoPIP2;1, which constitutes a dominating integral protein of the plasma membrane has
been thoroughly studied (Johansson et al., 1996, 1998; Kukulski et al., 2005; Törnroth-Horsefield
et al., 2006; Nyblom et al., 2009; Frick et al., 2013).
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The structure of SoPIP2;1 was solved in different
conformations, which elucidated a general molecular gating
mechanism for the regulation of PIPs, including some specific
elements only relevant for members of the PIP2 subgroup
(Törnroth-Horsefield et al., 2006). The gating of the pore is
the result of conformational changes on the cytoplasmic side
of the membrane and is controlled in several different ways,
including, pH changes, binding of calcium and a PIP2 specific
phosphorylation. The second cytosolic loop, Loop D, undergoes
a major conformational change and its stabilization in certain
positions is increasing the probability of an either open or closed
conformation. In the closed conformation, unphosphorylated
serine 274, situated close to the C-terminus, occupies a place
near the tetrameric center of the protein while the preceding
region resides in a grove between the monomers. When this
positioning is impossible, e.g., by phosphorylation of serine
274, the C-terminus becomes unordered and the place earlier
occupied by this residue is instead taken by the carbonyl oxygen
of leucine 197 from the neighboring monomer, resulting in the
unblocking of the pore in this monomer.

Already in early protein preparations, it became clear that
interactions between monomers are strong in SoPIP2;1 tetramers
(Johansson et al., 1996). Even during separation by a standard
SDS-PAGE, which denatures most proteins, a large fraction of the
protein is found to stay as dimers and tetramers (Karlsson et al.,
2003). PIPs differ from all other plant AQPs by a highly conserved
cysteine in the first extracellular loop (loop A). The conserved
cysteines (C69 in SoPIP2;1) from all four monomers are located
at the tetrameric center (Törnroth-Horsefield et al., 2006). Based
on low resolution structures, it had been suggested that the reason
for the conservation stems from the necessity to stabilize the PIP
tetramers by fostering hydrogen bonds or complexing a metal ion
(Kukulski et al., 2005).

To analyze the nature of possible interactions of the conserved
cysteine (C69) in the tetramer, we probed possible disulfide

bridges by addition of reducing agents. For further analysis,
we created mutants and purified the heterologously expressed
proteins. In this study, we measured stability changes for cysteine
69 mutants and compared these to their kinetic properties
to elucidate the structural and functional basis for the strong
evolutionary conservation of this amino acid residue. In addition
we show that mercury – generally regarded as a blocker
of AQPs – is activating SoPIP2;1 and concentration-response
experiments suggest that quenching of tryptophan fluorescence
reports on conformational changes associated with the activation.
Our findings of disulfide bridges and mercury activation are
largely consistent with results recently published by other groups
(Bienert et al., 2012; Frick et al., 2013).

RESULTS

A Conserved Cysteine Forms Disulfide
Bridges between Monomers
To discern inter-monomeric interactions of SoPIP2;1 further, we
decided to study structural and functional properties of isolated
wild type (WT) and mutant protein. Therefore, we overexpressed
SoPIP2;1 in Pichia pastoris and performed different stability tests
of solubilized and purified protein. The isolated WT protein
was incubated for various length of time with different reducing
agents prior to analysis by SDS-PAGE, in order to monitor any
effect of potentially disrupted disulfide bridges on the migration
pattern in acrylamide gels (Figure 1). The relative amount of
SDS resistant dimer in the gel could be decreased by DTT
and β-mercaptoethanol. The latter was more effective, but none
of the reducing agents could increase the monomer-to-dimer
ratio further after the first hour of incubation. Surprisingly, the
split of the dimer was not increased above 100 mM DTT and
the final ratio of monomer to dimer was less than 1/10, while
β-mercaptoethanol decreased the dimers by 50% at most (not

FIGURE 1 | The effect of reducing agents on relative amounts of dimers and monomers of SoPIP2;1. (A) Incubation of SoPIP2;1 with DTT. The
concentration of DTT and the incubation time are shown at the top and at the bottom of the gel, respectively. It is evident from the gel that DTT is unable to
completely reduce dimers into monomers, even after 5 h incubation with 100 mM DTT. (B) Effect of incubation of SoPIP2;1 with β-mercaptoethanol. The
concentration of β-mercaptoethanol and the incubation time are shown on top and bottom of the gel, respectively. The results show that β-mercaptoethanol is more
effective than DTT, but it still fails to reduce the dimers into monomers completely. M = molecular weight marker (from top 250, 130, 100, 70, 55, 35, and 25 kDa).
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FIGURE 2 | Extracellular view of the SoPIP2;1 wild type (WT) tetramer with the expected disulfide bridges at the center (Left). Close up on C69 with
distances between cysteines (PDB ID: 2B5F) or modeled residues in mutant proteins with this cysteine replaced by serine (Middle) or alanine (Right).

shown). Either this reflects the equilibrium between monomeric
and dimeric fraction when all disulfide bonds are reduced, mainly
stabilized by hydrophobic interactions (Törnroth-Horsefield
et al., 2006), or some of the SDS solubilized dimers have disulfide
bonds that are inaccessible so that they cannot be reduced
under these conditions. The latter is supported by the apparent
higher efficiency of β-mercaptoethanol which has about half
the molecular weight compared to DTT. Adding urea to the
reduction step increased the monomeric fraction (not shown).
However, not even incubation for 1 h with 8 M urea and 300 mM
DTT and resolving the samples on an 8 M denaturing urea
gel was sufficient to completely remove the multimeric bands
(Supplementary Figure 1). From a physical and evolutionary
point of view it is of interest if the stability of the protein is
changed upon removal of the cysteine. Two mutants, substituted
at cysteine 69 with serine (C69S) or alanine (C69A) (Figure 2),
were expressed and purified and their oligomeric patterns (as
shown by standard SDS-PAGE) were compared to the WT
protein (Figure 3A). Although dimeric bands were still visible
in both mutants, they were significantly weaker as compared to
the WT protein, which was expected from the destabilizing effect
of reducing agents on dimers of the WT protein. In order to
compare the thermodynamic stability of WT SoPIP2;1 and the
two cysteine 69 mutants, we performed thermal denaturation
circular dichroism (CD) spectroscopic measurements. A thermal
denaturation curve was constructed based on the normalized
mean residual ellipticity (MRE) at 222 nm (Figure 3B). The
midpoint of transition in WT (56.9◦C) was slightly higher in
comparison with the mutants (54.6◦C for C69S and 53.4◦C
for C69A), suggesting that the interactions at this position
do not contribute much toward the thermodynamic stability,
which is expected since the contribution of disulfide bonds to
protein stability is kinetic rather than thermodynamic (Clarke
and Fersht, 1993). Considering the high stability of SoPIP2;1
in lipid bilayers (Plasencia et al., 2011), it is not clear if
the relatively small additional thermal stabilization due to the
disulfide bonds is sufficient to explain the strict conservation of
this cysteine.

Water Permeability Is Increased by
Mutations in Loop A
To investigate if the disulfide bonds have an effect on function all
three proteins were reconstituted in proteoliposomes to examine

FIGURE 3 | Stability of WT SoPIP2;1 and the mutants C69A and C69S.
(A) The integrity and purity of WT and mutant protein after Ni-NTA affinity
chromatography were assessed by SDS-PAGE. 1 = WT SoPIP2;1,
2 = C69A, 3 = C69S. The purified WT SoPIP2;1 exists as tetramers under
native conditions. Under standard denaturing conditions (SDS-PAGE), the WT
SoPIP2;1 mainly runs as a dimer. In case of cysteine mutants, the monomeric
form is predominant. This indicates that the cysteine residue in loop A is
involved in disulfide bond formation between two PIP monomers.
M = molecular weight marker (from top 250, 130, 100, 70, 55, 35, 25, 15,
and 10 kDa). (B) Thermal denaturation of SoPIP2;1 recorded by CD
spectrometry. The midpoint of the two-state unfolding transition is slightly
higher for the WT (56.9◦C) compared to the mutants (C69S 54.6◦C; C69A
53.4◦C). The midpoints are based on one experiment. The normalized mean
residual ellipticity (MRE) at 222 nm is plotted as a function of temperature.

their kinetic properties. Since the activity assays confirmed
functional proteins (Figure 4A), we assessed their permeabilities.
The protein content in the liposomes was estimated by
quantitative western blots and the monomeric permeabilities,
the pf-values, were calculated. Surprisingly, the mutant C69S
shows increased water permeability (P < 0.001) and this is even
more pronounced in the C69A mutant (P < 0.0001; Figure 4B).
The location of this residue immediately raises the question
about water transport through the central pore. This scenario
would be consistent with the observed larger enhancement of
water permeability when cysteine is exchanged with an amino
acid residue smaller than serine. Alternatively the increase is
purely caused by destabilization of the dimer, where the alanine
mutant would not be able to form hydrogen bonds like the serine
mutant, which may partially compensate for the missing disulfide
bridges.
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FIGURE 4 | Water conductivity of liposomes measured by stopped-flow spectrometry. (A) Change in scattering at 500 nm over time plotted for SoPIP2;1
WT and C69 mutant proteoliposomes as compared to empty liposomes. Each plot represents an average of 10–17 curves. (B) Monomeric permeabilities without
mercury (blue) and with 1 mM mercury (red). The rates were obtained from single exponential fits of 10 or more curves; error bars present their standard deviations.
The water conductivities were higher for the mutants as compared to the WT protein and mercury increased the pf-values of all proteins by a similar factor (2.1–2.7).
The rate constants and the pf-values are provided in Supplementary Table 1, while the statistics for comparisons of the pf-values are reported in Supplementary
Table 2.

Mercury Increases Water Permeability
and Quench Intrinsic Tryptophan
Fluorescence
If some water permeation is independent of the pore in
the monomer, it could be measured by eliminating the
conductivity of the monomeric pore. Beside reported pH and
Ca2+ dependent gating, mercury is a well-known inhibitor
of AQPs (Preston et al., 1993; Hukin et al., 2002). To our
surprise, mercury instead increased the permeability of SoPIP2;1
proteoliposomes (P < 0.0001; Figure 4). If this effect is a
result of conformational changes, there is a chance to observe
mercury binding by CD measurements or by monitoring the
intrinsic tryptophan fluorescence of SoPIP2;1. The CD spectrum
of SoPIP2;1 in detergent micelles did not change significantly
upon the addition of mercury (data not shown). However, the
tryptophan fluorescence was altered and quenched by a factor
of three after an incubation with 200 µM mercury chloride
(Figure 5). Moreover, the quenching could be reversed by
chelating mercury with β-mercaptoethanol, supporting that it
is caused by reversible conformational changes rather than
denaturation of SoPIP2;1. This is in accordance with the
kinetic experiments, where mercury activation can be reversed
by addition of β-mercaptoethanol (Figure 6A). It should be
noted that the concentrations of reducing agent used for the
reversal of quenching and activation, 1 and 2 mM, respectively,
are much lower than the levels required to partially reduce
the disulfide bridge of the dimers. Thus given the modest
increase in activity of the C69S mutant completely lacking

the disulfide bridge, any increase due to reduction of cysteine
69 is expected to be small. This is consistent with the more
or less identical rates of untreated proteoliposomes and the
activated and reversed ditto. To investigate the concentration
dependency of the activation stopped-flow experiments were
done and the EC50 for mercury was calculated to be around
4 µM (Figure 6B). Interestingly, a concentration-response curve
of the quenching of tryptophan fluorescence gives an EC50 value
of 1.6 µM (Figure 7). Thus the quenching in micelles may be
caused by conformational changes associated with activation in
proteoliposomes.

Activation by Mercury and by Loop A
Mutations Are Additive
Cysteine 69 mutants present an increased water transport
compared to the WT, which might be explained by opening of
a tetrameric central pore or by indirect effects on the structure of
the monomeric pore. WT SoPIP2;1 can be activated by mercury,
but are the cysteine mutants also affected by mercury? Analysis
of stopped-flow data, showed that the activation by mercury and
the increase of permeability by mutations were not overlapping,
but additive (Figure 4B). While the pf of the WT permeability
changes from 1.6 ± 0.1 to 3.4 ± 0.2 [10−14 cm3/s], the pf of
alanine and serine mutants are amplified by about the same
factor, rising from 3.6 ± 0.2 to 8.0 ± 0.6 and 2.2 ± 0.1 to
6.0 ± 0.7 [10−14 cm3/s], respectively. This suggest that the
mercury activation is independent of the increase in water
permeability caused by the mutations in loop A.
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FIGURE 5 | (A) Quenching of tryptophan fluorescence of WT SoPIP2;1 upon addition of 200 µM mercury (green) and subsequent reversal by addition of 1 mM
β-mercaptoethanol (blue) in comparison to untreated protein (red). The fluorescence at 335 nm from excitation at 280 nm is lowered by two thirds. (B) Time
dependence of fluorescence quenching upon addition of 200 µM HgCl2 (light red) and recovering of fluorescence upon subsequent addition of 1 mM
β-mercaptoethanol to the same sample (b-m-EtOH, light blue). The individual maximum of every spectrum are plotted, where each spectrum was recorded at a
scanning speed of 100 nm/min (48 s per spectrum + 1 s delay). The spectra in (A) correspond to the three time points marked in the same color in (B): before
addition of HgCl2 (red), after 25 min incubation with HgCl2 but before addition of β-mercaptoethanol (green; replotted at time zero), and at the endpoint after the
incubation with β-mercaptoethanol (blue).

FIGURE 6 | Mercury activation of WT SoPIP2;1. (A) Reversibility of mercury activation first order exponential rates of water conductivity from stopped-flow
experiments. Mean rates (±SD) are presented for proteo-liposomes (red) and control liposome (blue). Activation of proteo-liposomes treated with mercury can be
reversed by subsequent incubation with 2 mM β-mercaptoethanol. Statistics for comparisons of the rate constants are reported in Supplementary Table 3 and
numerical values for mean rates and SD are found in Supplementary Table 4. (B) Dose response curve of mercury activation. The curve presents a Hill coefficient
around 11 and an EC50 for mercury of 4.2 µM.

DISCUSSION

This work was originally initiated to describe intermonomeric
interactions and their effects. The effect of reducing agents

on the oligomeric pattern in SDS-PAGE indicated the
existence of disulfide bonds that stabilize protein dimers.
This was also concluded in studies mutating corresponding
cysteines in the tetrameric center of various PIP2s from
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FIGURE 7 | Quenching of the intrinsic tryptophan fluorescence of
SoPIP2;1 at 335 nm as function of the logarithm of the HgCl2
concentration. The calculated EC50 is 1.6 µM and the Hill slope is −2.5.
Averages of three replicates and standard errors are plotted.

maize (Bienert et al., 2012). Additional to the more detailed
analysis of disulfide bridges in the tetrameric center, we
discovered that our preparation of SoPIP2;1 was not maximally
permeable under our standard conditions. It should be noted
that the obtained pf-values here (1.6–8.0 [10−14cm3s−1])
are in the same range as has been estimated for other AQPs
using Xenopus oocytes (0.2–24 [10−14cm3s−1]; Yang and
Verkman, 1997) and correspond to a passage of more than
1011 water molecules per second through each monomer of
SoPIP2;1. Although activation of a water specific channel by
mercury is unlikely to have a physiological role, the molecular
details of its binding and conformational changes may still
be relevant for our understanding of physiological gating
mechanisms.

Increased Permeability in Mutants and
by Mercury
Our results suggest that the mechanism for activation by mercury
is independent of the enhancement of water permeability
caused by the mutations in the A loop. A simple mechanistic
explanation of this would be that permeation through the
monomeric pore is increased in the mutants and this is
amplified by mercury by stabilization of the gate in an open
conformation. However, looking at the structure it is not
obvious how a mutation of cysteine 69 could achieve this, but
it cannot be excluded that the release of loop A is resulting
in a relaxation at the selectivity filter and thereby a higher
permeability. If instead also the central pore of the mutant
proteins permeates water, how would that be enhanced by
mercury binding? Possibly in the same way mercury may
support the open conformation of loop D at the monomeric
pore; the C-terminal end is removed from its position in
the inter-monomeric space. If the highest energy barrier for
water permeation through the central pore is caused by
interactions between the four C-termini, a destabilization of the
C-terminal regions would increase the water leakage through
this hypothetical pore. One should keep in mind that these

C-terminal interactions are not structurally supported as the
last modeled amino acid residues in the closed structures are
still too far from the center. Thus a possible contribution
of the central pore to the increased permeability remains
speculative.

Tryptophan Fluorescence
The observation that both activation and quenching of
tryptophan fluorescence can be triggered by the same ligand,
mercury, may suggest that these two effects are not independent
but caused by structural rearrangements initiated from the
same binding site. So where is the mercury binding and
which conformational changes lead to a fluorescence drop of
2/3? If all six tryptophans of the monomer have the same
quantum yield, at least four of them must be quenched.
That involves a huge structural change of the protein or
putatively a rearrangement of the micelle. Restructuring the
micelle of a membrane protein is thought to denature the
protein, which is unlikely here, as quenching (Figure 5)
and increase in activity (Figure 6A) are both reversible, and
no denaturation was indicated in CD measurements or by
precipitating protein (data not shown). Fluorescence intensity of
tryptophans can vary greatly depending on their environment
(Lakowicz, 2006). Therefore, it appears more likely that one
or two tryptophans with high quantum yields, located in
a hydrophobic/hydrophilic interface, are responsible for the
observed quenching of fluorescence by mercury. According to
analyses of structural parameters tryptophans can be classified
into five spectral-structural classes (Shen et al., 2008). The
observed emission maximum at 335 nm would suggest that
Class I and possibly Class II tryptophans dominate the
fluorescence spectrum of SoPIP2;1. This automatic analysis of
PDB-files is most likely not applicable for tryptophans that
are expected to interact with detergents in a micelle, since
the micelle is not included in the structure file. However,
it should be relevant for buried residues, like tryptophan 79
situated at the center of the tetramer (Figure 8). Based on
the closed tetrameric structure (4JC6, omitting detergents or
metal atoms) this residue belongs to Class S with an expected
emission maximum range between 321 and 325 nm, and is
therefore not likely to contribute much to the intensity at
335 nm.

As speculated above the mercury activation may be achieved
by stabilizing an open conformation and interestingly the
positions of tryptophans 35 and 38 differ in the open and
closed structure (Törnroth-Horsefield et al., 2006). In the
closed structure tryptophan 35 is potentially in a hydrophobic-
polar interface and close to the C-terminus of the next
monomer. In the open structure of SoPIP2;1 tryptophan 35 is
repositioned and in addition this conformation is expected to
have released the C-terminus, which could have an effect on
the environment of tryptophan 35 and therefore quench its
fluorescence.

Mercury Binding Site
In a mutational study of SoPIP2;1 by Frick et al. (2013) it was
found that mercury activation is independent of the presence
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FIGURE 8 | Tetrameric structure of WT SoPIP2;1 in a closed
conformation (PDB ID 1Z98) showing positions of tryptophan and
cysteine residues. Each monomer exposes six tryptophans on its outside
(purple); four of them (left in the picture) are expected to be in a non-polar
environment (detergent micelle in buffer or a lipid membrane), one (tryptophan
79) is positioned in the tetrameric center and only tryptophan 35 is exposed to
mobile waters, sitting at the beginning of helix 1 and close to the end of helix 6
and the C-terminus of the next monomer. Four cysteines are present in each
monomer, two (left in the picture) are situated close to the tetramer equator,
one is positioned in the monomer interface close to the cytosolic side, and
cysteine 69 is highly accessible at the periplasmic side of the tetrameric
center.

of cysteines. They were able to determine a structure at 2.15 Å
with bound mercury and cadmium, in a closed conformation.
Additional to the expected binding to cysteines and the known
Ca2+ site, a new metal binding site was reported. It is described as
a second binding site for cadmium, but given the comparable size
of the cations and similar preference for hexagonal coordination,
one could imagine that also mercury has a potential to bind.

The metal seen at this site interacts with a carbonyl (A267)
from the C-terminal region (Figure 9A). The carbonyl of A267
is actually occupying the same space as the carbonyl of A266
in the first closed structure of SoPIP2;1 (Törnroth-Horsefield
et al., 2006), and consequently there is a different position and
orientation of preceding residues up to the end of helix 6.
This distinctive change in the structure does not change the
averaged static view on the C-terminal regions, which overall
are located at the interfaces of the monomers in a closed
conformation. Still, the binding strength might be reduced
and thereby lower the probability to find this conformation
in solution. The conformation of the protein when incubated
in β-mercaptoethanol after binding mercury does not change
within seconds (Figure 5B). We expect that mercury binding or
chelating is much faster. Thus, the observed time dependence
could be a result of the restructuring of the C-terminal end.
If the activation is caused by destabilization of the C-terminal
stretch, the effect could be reduced in situations where it is
already destabilized for other reasons. This is observed, when
comparing the permeability of an untagged SoPIP2;1 WT and the
permeability of the same isoform that ends with a c-myc epitope
followed by a hexa-his-tag. The basal (i.e., not fully activated)
permeability is higher for the tagged protein, seemingly because
the closed conformation of the unphosphorylated C-terminal end
is less stabilized (data not shown). It should not go unnoted
that similar conclusions were drawn before (Nyblom, 2008, Ph.D.
thesis, paper III, page 5). When incubated with mercury the
specific water permeability, of both the tagged and untagged
protein, levels out at approximately the same permeability values.
Conclusively, destabilization by binding of mercury overlaps the
destabilization caused by the tag, suggesting that the gate is close
to its maximum opening probability in the mercury activated
state. Frick et al. (2013) suggested an indirect activation of
SoPIP2;1 via a mercury induced change in membrane properties.
This possibility cannot be ruled out, but the relatively low EC50
of about 4 µM, which is about 10-fold lower than the IC50 for
HsAQP5 in proteoliposomes with the same lipid composition
(Horsefield et al., 2008), and the correlation with the quenching

FIGURE 9 | The second metal binding site in SoPIP2;1. (A) Cytoplasmic view on two closed structures of SoPIP2;1, with mercury (PDB ID 4JC6) in blue and
without mercury (PDB ID 1Z98) in pink. Alanine 267 is shifted 2.2 Å to coordinate the additional heavy metal site. The heavy atom is further coordinated in this
structure by threonine 183 at the beginning of loop D and four water molecules (oxygens in red). (B) Comparison of conserved aspartate in the open structure of
SoPIP2;1 (D184, brown, one monomer of PDB ID 2B5F) with aspartates of AtTIP2;1 (D163, light green, 5I32) and BtAQP1 (D160, gray, 1J4N). The carboxyl group of
D160 from the aligned bovine structure is close (2.7 Å) to the heavy metal binding site in 4JC6.
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of fluorescence in micelles, would argue for a direct binding to
and activation of SoPIP2;1.

Here, we describe the activation by mercury as a result of
moving serine 274 away to leave space for leucine 197 in an
open position, to promote the conformation. However, could
mercury further stabilize the open conformation? As mercury is
positively charged, we looked for a negatively charged residue in
the vicinity. There is an aspartate in loop D, which is conserved
among water-specific AQPs from both plants and animals. This
residue approaches the binding site in the open conformation
(Figure 9B), but the distance is still too far. Comparison to
other water-specific AQPs suggests that the aspartate could come
close enough to bind mercury and thereby stabilize the D-loop
in an open position. Although the aspartate corresponding to
aspartate 184 in SoPIP2;1 is well conserved not only among
PIPs, there is considerable sequence variation at the position
aligned to alanine 267 of SoPIP2;1 even within the PIP2 group,
making it difficult discern if the proposed activation mechanism
is valid for other PIPs. However, the fact that it is the back bone
carbonyl of this residue that contributes to the metal binding
site, and the general observation that structure is more conserved
than sequence, argues that the binding site and the suggested
mechanism may be relevant also for other PIP2s of terrestrial
plants. It should be noted that the plant plasma membrane has
a different lipid composition and is much more complex than
the liposomes of E. coli lipids used here. Hence, the relevance
of the demonstrated mercury activation remains to be shown
in a physiological context where indirect effects by mercury via
interacting lipids or proteins may override a direct activation.

Is There a Central Pore?
The functionality of the protein is determined by stabilization
of certain conformational states and thereby dependent on the
availability of certain interacting residues, not only within a
monomer, but also with neighboring monomers. This has already
been described for many proteins and underlines that proteins
evolve based on their final oligomeric structure. This brings us
back to cysteine 69, which is found to be strongly conserved
among PIPs and covalently links the monomers but does not
add much thermodynamic stability. Interaction studies with PIPs
in maize demonstrated that expression rate and localization is
also independent of disulfide bond formation (Bienert et al.,
2012). Taking only our own results into account, one could
suggest the prevention of water leakage through the tetrameric
center, but this is inconclusive with the mutational study of
maize PIPs measured in oocytes. As the utilized maize PIP2
is very similar to SoPIP2;1, the most prominent difference
between these studies is the protein environment. As several
AQP structures, including SoPIP2;1, have presented a detergent
or a lipid molecule in the tetrameric center (Jiang et al., 2006;
Horsefield et al., 2008; Frick et al., 2013), one could assume
the presence of a lipid molecule at these sites in the native
environment to avoid water or even proton leakage. In this study,
the protein was heterologously expressed and extracted from
the hydrophobic environment by a detergent. These detergent
molecules are capable of removing most or all of the lipid
molecules bound to the protein. Additionally, the protein–lipid

mixture was thoroughly dialyzed to reconstitute this protein in
liposomes, potentially removing all detergent molecules. Thus
cysteine 69 mutants could leak water through a central pore. As
other AQP isoforms without this cysteine have also evolved to
be proton tight, there is probably a different reason for the high
degree of conservation. We therefore agree with Bienert et al.
(2012) that disulfide bonds between monomers result in a higher
kinetic stability and thereby stabilize the oligomeric state of the
protein, which may comprise certain functions in planta.

CONCLUSION

In agreement with studies on maize PIPs we show that
disulfide bridges stabilize the oligomeric state of SoPIP2;1,
but contrary to results on maize PIPs we find that mutations
preventing the disulfide bridge increase the permeability.
Furthermore, the permeability of both WT and mutant protein
can be enhanced by mercury and based on quenching of the
intrinsic tryptophan fluorescence by mercury we speculate on
a binding site, possibly responsible for both effects of this
heavy metal. Mercury has been regarded as general inhibitor
for AQPs and therefore used to classify observed in vivo
phenomena as being “AQP dependent.” The sole possibility
that some AQPs under certain circumstances can be activated
by mercury puts these conclusions into a new perspective.
Mercury is not a physiological relevant ligand to regulate protein
function, but presents a tool to study functional properties
of the gating mechanism of PIPs and thereby potentially
revealing new opportunities to modulate water homeostasis in
plants.

MATERIALS AND METHODS

Overexpression and Purification of
Cysteine Mutants of SoPIP2;1
Cysteine mutants of SoPIP2;1 were generated by using
Quickchange site directed mutagenesis kit (Stratagene), using
the plasmid pPICZB-SoPIP2;1 (WT) with C-terminal His-tag
as a template (Karlsson et al., 2003). Mutations were confirmed
by DNA sequencing (Eurofins MWG operon). Mutants were
overexpressed in methylotropic yeast Pichia pastoris as previously
described (Karlsson et al., 2003) for WT SoPIP2;1 purification.
Similar procedure was followed for membrane preparation
and purification of mutated proteins as described previously
(Karlsson et al., 2003) with a minor change; the detergent used
in the present study is n-Octyl-β-D-Glucopyranoside (OG;
Affymetrix, O311).

Electrophoresis
The purified SoPIP2;1 (WT) was incubated at room temperature
for varying time periods, with different concentration of
dithiothreitol (DTT) or β-mercaptoethanol to reduce the dimeric
form into monomers. After incubation with reducing agent
the sample loading buffer (125 mM Tris-HCl, pH 6.8, 20%
glycerol, 4% SDS) was mixed with protein sample and further
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incubated for 10 min at room temperature. To monitored the
effect of reducing agent concentration and incubation time, the
oligomeric forms of the protein were resolved by SDS-PAGE
(12%) and visualized by staining with coomassie brilliant blue
R250 (Laemmli, 1970).

In order to compare the SDS-PAGE profile of the WT
and mutant proteins (Figure 3), the protein was directly
mixed with sample loading buffer (as mentioned above)
supplemented with 10% β-mercaptoethanol and incubated for
10 min at room temperature, before resolving on SDS-PAGE
(12%).

Circular Dichroism (CD) Spectroscopy
Far-UV CD spectra were measured for the WT SoPIP2;1 and the
mutants using a Jasco J-720 spectrometer (Jasco, Tokyo, Japan).
Spectra were recorded at 25–95◦C (with 5◦C interval) between
250 nm and 190 nm at 20 nm/min as an average of three scans
with a response time 8 s and a data pitch of 0.1 nm. Baselines
were collected in the same manner on the buffer solution, and
spectra were baseline corrected (Galka et al., 2008; Plasencia et al.,
2011).

Mean residue ellipticity (MRE, [θ]M × 10−3 deg cm2 dmol−1)
was calculated by using Eq. (1).

[θ]M = M× θ/(10× l× c× n) (1)

where M is the molecular weight of protein (e.g., 32512 g/mol), θ
is the measured ellipticity in millidegrees, l is the cell path length,
c is the concentration in [g/l], and n is the number of residues
(303).

The MRE at 222 nm was plotted over temperature. For curve
fitting, following Boltzmann sigmoidal equation was used:

Yobs = Ynative −
Ydenatured − Ynative

1+ eT1/2−
T
m

(2)

Where Yobs is the MRE, T1/2 is the temperature at which MRE is
halfway between native and denatured state, m is the slope of the
curve. Data was analyzed using Prism (Graphpad software, Inc.).

Reconstitution into Liposomes
E. coli POLAR lipids (Avanti) provided in chloroform were dried
with N2 for 4 h and kept at −20◦C until use. For reconstitution
the lipids were solubilized with 10% OG in dialyze buffer (20 mM
Tris pH 8, 100 mM NaCl, 0.003% NaN2, 2 mM DTT) for
concentration of 4 mg/mL and aliquoted. Proteins were added
and solution was mixed thoroughly. Lipid–protein mix was
diluted with dialyze buffer to 2 mg/mL lipids and 66 µg/mL
proteins (LPR30) and dialyzed using a membrane with 6–8 kDa
cut-off (Spectrum Laboratories) against dialyze buffer for 7 days
at room temperature.

Water Conductivity
Liposomes were extruded 11 times with a pore size of 200 nm
(Avestin) and their resulting average radius was determined
by dynamic light scattering DLS (Malvern Zetasizer). Samples
were diluted with dialyze buffer (with or without mercury) to

0.2 mg/mL lipids. To show that activation of the protein is
reversible, a sample incubated for 30 min with 1 mM HgCl2,
2 mM β-mercaptoethanol was added and incubated at least
30 min further prior to the activity assay. Water transport activity
was measured by stopped-flow with a hyper-osmolar gradient of
100 mM sorbitol using Hi-Tech stopped-flow device at a volume
of 150 µL per shot. Rise in scattering upon shape change due
to water transport out of the vesicles was observed at 90◦ angle
at a wavelength of 500 nm. Unless mentioned otherwise, single
exponential functions were fitted to 10 to 17 individual curves by
the software Kinetic Studio (TgK Scientific Limited 2010). Total
water permeability Pf is used to calculate individual pf-values
by multiplying relative Pf [Pf (proteoliposome) – Pf (control
liposomes)] with the surface area of the liposome and dividing
with the number of monomers per vesicle.

Pf = k·
V0

A·Vw·cout
(3)

pf =
(Pf − Pf, control)·A

#monomers
(4)

Protein concentration was analyzed by Western-blot using tetra-
His antibody, and vesicle concentration was calculated assuming
no lipid loss during dialysis and an area of 0.52 nm2 per lipid
molecule (for a monolayer). To construct a dose response curve
of mercury activation, single exponential rates from 10 to 16
stopped-flow measurements were averaged per samples exposed
to different mercury concentration; each average is presented
with their standard deviations. Curve fitting was done employing
a Hill-function.

Statistical Analyses
The significance was analyzed in Prism (Graphpad software,
Inc.), using the unpaired t-test with Welch’s correction and two-
tailed P-values.

Tryptophan Fluorescence
Fluorescence was measured with His-tag purified and desalted
protein in Buffer A supported by 0.8% OG. Monochromatic
light at a wavelength of 280 nm was used for excitation while
scans were done from 300 to 380 nm at a speed of 100 nm/min
and a data pitch of 0.5 nm. Fifteen scans were accumulated
to reduce noise. For kinetic experiments, mercury chloride to
a final concentration of 200 µM was added and briefly mixed
before starting scans. First, single records were done with a
delay of 1 s, resulting in one plot every 49 s. The averages of
five data points were used to determine height of the curve
maximum. After incubating for 25 min, another accumulated
spectrum was recorded. Sequentially, β-mercaptoethanol to a
final concentration of 1 mM was added to reverse the binding,
followed by the same measurement procedure as before.

For dose-response experiments, the sample was pre-incubated
with mercury chloride at room temperature for 15 min before
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recording the fluorescence between 310 and 400 nm.
Three scans were accumulated to reduce the noise and
the measurement was repeated tree times. The emission
data at 335 nm were fitted with four parameters to
sigmoidal dose response equation using Prism version 6.00
(GraphPad Software, La Jolla, CA, USA) to estimate the EC50
value.
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Supplementary Figure 1. Reduction SoPIP2;1 by DTT with 8 M urea. Coomassie-stained SDS-
PAGE gel with 8 M urea showing samples in PBS and 1% OG diluted 20-fold in buffer, water and 
varying concentrations of DTT with 8 M urea. All samples were incubated at room temperature for 
one hour. The dimeric band is weaker relative the monomeric band, but is not completely abolished 
even at 300 mM DTT and 8 M urea. 1 = SoPIP2;1 dissolved in PBS (1% OG), 2 = SoPIP2;1 
dissolved in water, 3 = 100 mM DTT and 8M urea, 4 = 150 mM DTT and 8M urea, 5 = 200 mM 
DTT and 8M urea, 6 = 250 mM DTT and 8M urea, 7 = 300 mM DTT and 8M urea. Equal amounts 
of protein were loaded in all lanes. M = molecular weight marker (from top 250, 130, 100 and 70 not 
separated, 55, 35, 25, 15 and 10 kDa). 
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Supplementary Table 1. Single exponential rates for traces presented in Figure 4A used to calculate 
pf values presented in Figure 4B. 

Sample Average rate 
(s-1) 

Standard error of 
the mean (s-1) 

pf (10-14 cm3 s-1) Standard deviation 
(10-14 cm3 s-1) 

Empty liposomes 6.47 0.02   

SoPIP2;1 14.61 0.12 1.61 0.09 

SoPIP2;1 + HgCl2 39.26 0.92 3.41 0.24 

C69S 22.07 0.17 2.22 0.10 

C69S + HgCl2 27.93 0.37 6.02 0.69 

C69A 28.30 0.26 3.64 0.23 

C69A + HgCl2 35.32 0.48 8.02 0.60 
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Supplementary Table 2. P values for pairwise comparisons of data presented in Fig. 4B, unpaired t-
test with Welch’s correction.  

Sample SoPIP2;1 SoPIP2;1 
+ HgCl2 

C69S C69S + 
HgCl2 

C69A C69A + 
HgCl2 

SoPIP2;1  <0.0001 0.0003 0.0001 <0.0001 <0.0001 

SoPIP2;1 + 
HgCl2 

  0.0007 0.0043 0.4984 <0.0001 

C69S    0.0003 0.0001 <0.0001 

C69S + HgCl2     0.0075 0.0424 

C69A      <0.0001 

C69A + HgCl2       
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Supplementary Table 3. P values for pairwise comparisons of data presented in Fig. 6A, using 
unpaired t-test with Welch’s correction.  

Sample Empty 
liposomes 

Empty + 
HgCl2 

Empty + 
HgCl2 + β-
mercapto 
ethanol 

SoPIP2;1 SoPIP2;1 
+ HgCl2 

SoPIP2;1 
+ HgCl2 + 
β-
mercapto 
ethanol 

Empty liposomes  <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

Empty + HgCl2   0.1361 <0.0001 <0.0001 <0.0001 

Empty + HgCl2 + 
β-mercapto 
ethanol 

   <0.0001 <0.0001 <0.0001 

SoPIP2;1     <0.0001 >0.9999 

SoPIP2;1 + 
HgCl2 

     <0.0001 
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Supplementary Table 4. Numerical values for values presented in Fig. 6A 

Sample Average rate 
(s-1) 

Standard deviation 
(s-1) 

Empty liposomes 5.37 0.05 

Empty + HgCl2 7.39 0.04 

Empty + HgCl2 + β-
mercapto ethanol 

7.29 0.05 

SoPIP2;1 14.69 0.61 

SoPIP2;1 + HgCl2 39.99 2.69 

SoPIP2;1 + HgCl2 + β-
mercapto ethanol 

14.61 0.45 
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