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A general anaesthetic propofol inhibits aquaporin-4 in the presence of Zn2 +
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AQP4 (aquaporin-4), a water channel protein that is pre-
dominantly expressed in astrocyte end-feet, plays an important
role in the brain oedema formation, and is thereby considered
to be a potential therapeutic target. Using a stopped-flow
analysis, we showed that propofol (2,6-diisopropylphenol), a
general anaesthetic drug, profoundly inhibited the osmotic water
permeability of AQP4 proteoliposomes in the presence of Zn2 + .
This propofol inhibition was not observed in AQP1, suggesting
the specificity for AQP4. In addition, the inhibitory effects of
propofol could be reversed by the removal of Zn2 + . Other lipid
membrane fluidizers also similarly inhibited AQP4, suggesting
that the modulation of protein–lipid interactions plays an essential
role in the propofol-induced inhibition of AQP4. Accordingly,

we used Blue native PAGE and showed that the profound
inhibition caused by propofol in the presence of Zn2 + is coupled
with the reversible clustering of AQP4 tetramers. Site-directed
mutagenesis identified that Cys253, located at the membrane
interface connecting to the C-terminal tail, is responsible for
Zn2 + -mediated propofol inhibition. Overall, we discovered that
propofol specifically and reversibly inhibits AQP4 through the
interaction between Zn2 + and Cys253. The findings provide new
insight into the functional regulation of AQP4 and may facilitate
the identification of novel AQP4-specific inhibitors.

Key words: aquaporin 4 (AQP4), brain oedema, general
anaesthetic, water channel.

INTRODUCTION

Brain oedema remains a major cause of morbidity and mortality
following diverse pathological conditions such as stroke, brain
tumours, meningitis or systemic diseases [1,2]. In particular, in
cytotoxic brain oedema, an abnormal uptake of water by neurons
and glia during the early phase of brain injury is suggested to
play an important role in the activation of a number of signalling
cascades that further exacerbate brain damage [2–4]. Despite
the pathophysiological relevance of brain oedema, no established
prophylactic treatment exists at present.

The swelling of pericapillary astrocyte end-feet is an early
finding in cytotoxic brain oedema formation [5]. Since AQP4
(aquaporin-4), a water-specific channel, is strongly localized in
pericapillary astrocyte end-feet [6], AQP4 has been hypothesized
to play an essential role in cytotoxic brain oedema [7–9].
Indeed, AQP4− / − mice show reduced brain water accumulation
and an improved outcome under several pathological conditions
[10,11]. Therefore the elucidation of the underlying mechanisms
responsible for the functional regulation of AQP4 and the
identification of AQP4 modulators is of utmost importance.

We have shown previously that the water permeability of
AQP4 can be inhibited by heavy metal ions such as Zn2 + , Cu2 +

and Hg2 + in experiments using AQP4 proteoliposomes [12,13].
Since the intracellular concentration of Zn2 + in astrocytes can
increase up to several hundred micromolars under pathological
conditions such as oxidative stress or hyperosmotic stress [14],
the effects of Zn2 + on AQP4 are of especially great interest,
although the weak inhibitory effects of Zn2 + may not be sufficient
to serve as a clinically applicable AQP4 inhibitor. Alternatively,
the pharmacological modulation of the inhibitory effects of Zn2 +

could be an interesting target for the development of a novel AQP4
inhibitor.

Propofol (or 2,6-diisopropylphenol) is a lipophilic intravenous
anaesthetic drug that is used extensively for the induction and
maintenance of general anaesthesia. Although the underlying
pharmacological mechanisms responsible for its anaesthetic
action remain elusive, propofol is generally accepted to affect the
function of pLGICs (pentameric ligand-gated ion channels) such
as inhibitory GABAA (γ -aminobutyric acid type A) receptors
and excitatory nicotinic acetylcholine receptors by binding
specifically to proteins [15]. On the other hand, propofol is
also known to influence the functions of diverse types of
structurally unrelated membrane proteins [16], probably by
modulating protein–lipid interactions through its effects on
the lipid membrane environment [17,18]. Interestingly, several
studies have shown that propofol attenuates brain oedema in
cerebral ischaemic injury animal models [19,20]. Thus whether
propofol can alter the function of AQP4 is a point of interest.

In the present study, we used a proteoliposome functional
assay to demonstrate that propofol can reversibly and specifically
inhibit the water permeability of AQP4 in the presence of Zn2 + .
A biochemical analysis using BN-PAGE (Blue native PAGE) also
revealed that the profound inhibition caused by the combination
of propofol and Zn2 + is coupled with the clustering formation
of multiple AQP4 tetramers. These studies provide a novel
framework to elucidate further the regulation of AQP4 and may
facilitate the identification of new AQP4 inhibitors.

EXPERIMENTAL

Drugs and chemicals

Propofol, ascorbyl palmitate, α-tocopherol, capsaicin and
phenetyl alcohol (all purchased from Wako Pure Chemical
Industries) were freshly dissolved in DMSO (Wako Pure

Abbreviations used: AQP, aquaporin; BN-PAGE, Blue native PAGE; GABAA, γ-aminobutyric acid type A; hAQP, human AQP; NMM, N-methylmaleimide;
OAP, orthogonal arrays of particle; Pf, osmotic water permeability; pLGIC, pentameric ligand-gated ion channel.
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Chemical Industries) just before use. The final concentration of
DMSO applied to liposomes was less than 0.2%, which was
shown to have little effect on the water permeability of AQP
proteoliposomes. EDTA was purchased from Sigma–Aldrich.
Other materials are described in detail below.

Expression and purification of His-tagged AQPs

cDNAs encoding His6-tagged hAQP4 (human AQP4) (M1 iso-
form and M23 isoform) were subcloned into baculovirus expres-
sion vector pTripleEX-4 (Novagen) and transfected into Sf9 insect
cells with Bacvector 1000 DNA (Novagen) to obtain baculovirus
particles. The AQP4 C178S, C253S and C178S/C253S double
mutant proteins were obtained using QuikChange II Site Directed
Mutagenesis kit (Agilent Technologies). All constructs were fully
confirmed by sequencing. Expression of the wild-type and mutant
AQP4 protein in Sf9 insect cells was carried out as reported
previously [21]. cDNA encoding His10-tagged hAQP1 was
subcloned into yeast expression vector pYES2 (Invitrogen) and
expression of hAQP1 was performed in yeast culture as described
previously [13]. Purification of the proteins was performed by
nickel affinity chromatography as described previously [13,21].

Reconstitution of purified AQPs into liposomes

Purified AQPs were reconstituted into liposomes by a dilution
method as described previously [13]. A reconstitution mixture
was prepared by combining 100 mM Mops (pH 7.5), 15 mg/ml n-
octyl β-D-glucopyranoside (Dojindo Laboratories), 17.5 mg/ml
sonicated lipids, 20 mM carboxyfluorescein and 100 µg/ml
purified AQP protein. The lipid composition was Escherichia
coli total lipid extract (chloroform/ether preparation; Avanti Polar
Lipids) and the saturated fatty acid mixture at a mass ratio of
2.5:1. The saturated fatty acid mixture was composed of DPPC
(dipalmitoyl phosphatidylcholine; NOF), cholesterol and 1,5-
dihexadecyl-N-succinyl-L-glutamate (Nippon Fine Chemical) at
a molar mixture of 5:5:1. The mixture was injected into 25 vol.
of assay buffer (100 mM Mops, pH 7.5) to dilute the detergent.
Liposomes were harvested by ultracentrifugation [45 min at
50000 rev./min (rotor type 50.1 Ti; Beckman Coulter) at 4 ◦C] and
resuspended in assay buffer for three cycles to remove the residual
detergent. The diameter of the proteoliposomes was measured
with the dynamic light-scattering method using N4 Sub-Micron
Particle Analyzer (Beckman Coulter).

Measurement of the osmotic water permeability of
proteoliposomes

The Pf (osmotic water permeability) of AQP4 proteoliposomes
was measured by a carboxyfluorescein quenching method [22],
using a stopped-flow apparatus with a dead time of <3 ms
(Unisoku). AQP4 proteoliposomes (100 µl) were rapidly mixed
with the same volume of hyperosmotic solution (100 mM Mops,
pH 7.5, and 400 mM sucrose) at 22 ◦C. The λex was 491.5 nm
(measured with a monochrometer), and the λem was >515 nm
(measured with a cut-on filter). Averaged data from multiple
determinations were fitted to double exponential curves with
the aid of IGOR Pro 5.03J software (WaveMetrics). The fitting
parameters were then used to determine the Pf by first applying the
linear conversion from relative fluorescence into relative volume
and then iteratively solving the Pf equation:

Pf = [dV(t)/dt]/[(SAV)(MVW)(Cin − Cout)]

where V(t) is the relative intra-vesicular volume as a function of
time, SAV is the vesicular surface area to volume ratio, MVW is
the molar volume of water (18 cm3/mol), and Cin and Cout are the
initial concentrations of total solute inside and outside the vesicle
respectively. The apparent artificial enhancement of fluorescence
intensity caused by lipophilic compounds in liposome solutions
were subtracted from the raw data before the analyses.

BN-PAGE and immunoblotting

BN-PAGE for proteoliposomes was performed as described
previously with small modifications [23]. Proteoliposomes were
lysed with NativePAGETM Sample Buffer (Invitrogen) containing
1% dodecyl-β-D-maltoside (Invitrogen) for 30 min on ice.
Lysates were centrifuged at 15 000 rev./min for 30 min at 4 ◦C,
and the pellets were discarded. Total protein content was
determined by Bradford assay. The protein (1–5 µg) was mixed
with Coomassie Brilliant Blue G-250 at a detergent:dye ratio
of 4:1, loaded on to a BN-PAGE (4–16 % Bis-Tris gel) along
with NativeMARK molecular mass markers, and run with
NativePAGE running buffers according to the manufacturer’s
protocol (Invitrogen). The proteins were transferred to a PVDF
membrane, and then incubated with rabbit anti-(hAQP4 IgG)
antibody (Sigma–Aldrich). The membrane was probed with HRP
(horseradish peroxidase)-conjugated anti-(rabbit IgG) antibody
(GE Healthcare Bio-Sciences). Immunoreactive bands were
visualized by ECL® chemiluminescence detection system (GE
Healthcare Bio-Sciences).

Sucrose-density-gradient fractionation

AQP4 proteoliposomes were lysed with 1% n-dodecyl-β-D-
maltoside (Invitrogen) for 30 min on ice and separated by
ultracentrifugation [16 h at 200000 g (rotor type SW 60 Ti;
Beckman Coulter) at 4 ◦C] on a linear sucrose density gradient
(up to 40 % sucrose in 100 mM Mops buffer, containing 0.05%
n-dodecyl-β-D-maltoside) prepared by a linear gradient mixer
(Advantec MFS). Each fraction was collected in a 0.5 ml volume
from the top of the gradient using an automatic fraction collector
(Advantec MFS) and analysed by immunoblotting for AQP4.

RESULTS

Propofol profoundly and specifically inhibits the Pf of AQP4
proteoliposomes in the presence of Zn2 +

Although the putative targets of propofol for its anaesthetic action
are believed to be pLGICs such as inhibitory GABAA receptors
and excitatory nicotinic acetylcholine receptors, propofol is also
known to modify the functions of diverse types of membrane
proteins [15,16]. Since propofol also attenuates brain oedema after
brain injury [19,20], we first examined whether propofol altered
the water permeability of AQP4 in a proteoliposome functional
assay system using purified AQP4 protein (M23 isoform). How-
ever, the Pf of AQP4 proteoliposomes was not remarkably altered
by the single application of propofol [Pf = 53.4 +− 17.0 µm/s
(mean +− S.D.) (n = 9) compared with Pf = 53.7 +− 19.0 µm/s
(n = 12) for a DMSO-treated group; P = 1] (Figure 1C).

As reported previously, the Pf of AQP4 can be dynamically
regulated in a Zn2 + -dependent manner [13]. Thus we next
investigated whether propofol can modulate the function of
AQP4 in the presence of Zn2 + . In agreement with the previous
study, the Pf of the AQP4 proteoliposomes was weakly
inhibited in the presence of Zn2 + [Pf = 38.7 +− 16.0 µm/s,
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Figure 1 Propofol inhibits the Pf of AQP4 proteoliposomes in the presence
of Zn2 +

(A) A chemical structure of propofol. (B) Representative time courses for the hyperosmotic
shrinkage of AQP4 proteoliposomes incubated with 0.1 % DMSO; 300 µM ZnCl2 for 5 min,
followed by 0.1 % DMSO for 15 min; or 300 µM ZnCl2 for 5 min, followed by 1 mM propofol
for 15 min as indicated; results for control liposomes without AQP4 are also shown (black).
Treatments were performed at room temperature (22◦C), and the stopped-flow measurements
were performed at 22◦C. (C) P f of AQP4 proteoliposomes treated with ZnCl2 and propofol. AQP4
proteoliposomes were treated as indicated and the Pf values were calculated from the relative
volume changes measured using the stopped-flow apparatus. The Pf of control liposomes
is displayed as a negative control. The results are shown as the means +− S.D. (n = 5–12).
*P < 0.05, compared with no-treatment group as analysed using a Student’s unpaired t test.

28 +− 11.8% inhibition (n = 12); P<0.05]. Surprisingly, propofol
profoundly inhibited the Pf of AQP4 in the presence of Zn2 +

[Pf = 15.7 +− 11.1 µm/s (treated with 1 mM propofol and 300 µM
ZnCl2), 69.9 +− 14.7% inhibition (n = 8)] (Figures 1B and 1C).
To rule out the possibility of non-specific effects caused by
the His-tag in the AQP4 proteins used for purification, we also
examined the effects of propofol and Zn2 + on AQP4 proteo-
liposomes without the His-tag; similar results were obtained
(Supplementary Figure S1 at http://www.biochemj.org/bj/454/
bj4540275add.htm). Moreover, the inhibitory effects of propofol
in the presence of Zn2 + were also observed in AQP4 M1
proteoliposomes, which is the other splicing isoform that has
a longer N-terminus than AQP4 M23 (Supplementary Figure S2
at http://www.biochemj.org/bj/454/bj4540275add.htm).

Additionally, to determine whether propofol inhibits other
AQPs, we examined the effects of propofol on AQP1 proteoli-
posomes, which is structurally the most similar water channel
to AQP4 among the AQP family. As reported previously
[13], an inhibitory effect of Zn2 + alone was not observed
for AQP1 proteoliposomes [Pf = 87.3 +− 12.6 µm/s compared
with Pf = 89.8 +− 25.9 µm/s in DMSO-treated group (n = 4)
respectively; P = 1] (Figure 2). Furthermore, the combined
effects of propofol and ZnCl2 on the Pf of AQP1 proteoliposomes
were not as apparent as those on AQP4 proteoliposomes [Pf =
77.4 +− 8.7 µm/s (n = 4)]. These findings indicate that propofol
specifically inhibits the water permeability of AQP4.

Lipid membrane fluidization has a key role in propofol inhibition

Although some observations suggest that specific drug–protein
interactions are essential for the propofol-induced functional
modification of ion channels, a non-specific perturbation of the
lipid bilayer by propofol has also been proposed to explain its
pharmacological diversity. Propofol modifies the physiological
properties of the lipid membrane through antioxidizing effects
[24,25] or lipid membrane fluidizing effects [18]. Thus
we hypothesized that the alteration of the lipid membrane
environment may play a crucial role in the propofol-induced
inhibition of AQP4. To test this possibility, we examined
whether other lipophilic antioxidants (ascorbyl palmitate and α-
tocopherol) or lipid membrane fluidizers (capsaicin and phenethyl
alcohol) might have similar effects on AQP4 proteoliposomes. As
shown in Figure 3, however, neither of the lipophilic antioxidants
showed any remarkable inhibition of AQP4 even in the presence of
Zn2 + . On the other hand, all the tested lipid membrane fluidizers
showed a significant inhibition of the Pf of AQP4 proteoliposomes
in the presence of Zn2 + , as observed with propofol. These findings
suggest that lipid membrane fluidization has an essential role in
propofol-induced inhibition.

Propofol facilitates Zn2 + -mediated clustering of AQP4 proteins on
the lipid membrane

To elucidate the underlying mechanisms by which propofol-
induced lipid membrane fluidization affected AQP4 function,
we subsequently performed a BN-PAGE analysis. As described
in previous papers [26,27], BN-PAGE is ideally suited
for visualizing protein–protein interactions within the lipid
membrane, enabling us to determine whether the combination
of Zn2 + and propofol can promote the lateral rearrangement
and assembly of AQP4 proteins through tetramer–tetramer
interactions, which may lead to functional alteration. As shown
in Figure 4(A), AQP4 proteins were mainly detected as single
or double tetramers in AQP4 proteoliposomes without treatment.
The treatment with Zn2 + alone did not show any band shifts,
whereas propofol alone showed a slight tendency towards
smearing at a higher molecular mass level. On the other hand, in
the presence of Zn2 + , propofol caused remarkable upward band
shifts from the single AQP4 tetramer in a dose-dependent manner
(Figure 4A).

A correlation analysis revealed that there was a significant
correlation between the reduced water permeability and the
clustering of AQP4 tetramers caused by propofol in the presence
of Zn2 + [r = 0.794 (n = 18); P < 0.05] (Figure 4B).

To validate the clustering effects of propofol and Zn2 + on AQP4
tetramers observed in BN-PAGE, we additionally performed a
sucrose-density-gradient fractionation for AQP4 proteoliposomes
treated with propofol and ZnCl2 (Supplementary Figure S3
at http://www.biochemj.org/bj/454/bj4540275add.htm). The peak
immunoreactivity was apparently shifted to the higher-density
fraction in AQP4 proteoliposomes treated with propofol and
ZnCl2, further supporting the clustering effects of propofol with
Zn2 + .

Inhibitory effects of propofol and Zn2 + on AQP4 proteoliposomes
are reversible

Next, we examined the reversibility of the propofol-induced
inhibition of AQP4. The above findings clearly indicated
that the presence of Zn2 + is a pre-requisite for propofol-
induced inhibition. Thus we asked whether the propofol-induced
inhibition of AQP4 proteoliposomes could be reversed through the
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Figure 2 Propofol inhibition cannot be observed in AQP1 proteoliposomes

(A) Representative time courses for the hyperosmotic shrinkage of AQP1 proteoliposomes incubated with 0.1 % DMSO; 300 µM ZnCl2 for 5 min, followed by 0.1 % DMSO for 15 min; or 300 µM
ZnCl2 for 5 min, followed by 1 mM propofol for 15 min as indicated; results for control liposomes are also shown (black). (B) The Pf of AQP1 proteoliposomes treated with ZnCl2 and propofol.
AQP1 proteoliposomes were treated as indicated and the Pf measurements were performed as described in Figure 1. The results are shown as the means +− S.D. (n = 3). *P < 0.05, compared with
no-treatment group as analysed using a Student’s unpaired t test.

Figure 3 Effects of antioxidants or lipid membrane fluidizers on the Pf of
AQP4 proteoliposomes in the presence of Zn2 +

AQP4 proteoliposomes were incubated with 300 µM ZnCl2 for 5 min, followed by treatment
with 1 mM propofol (prop.), lipophilic antioxidants [1 mM ascorbyl palmitate (Vit. C) and 1 mM
α-tocopherol (Vit. E)] or lipid membrane fluidizers [1 mM capsaicin (cap.) and 20 mM phenethyl
alcohol (PhA)] for 15 min at room temperature (22◦C), and the Pf was measured as described
in Figure 1. The results are shown as the means +− S.D. (n = 3–5). *P < 0.05, as analysed
using a Student’s unpaired t test.

removal of Zn2 + using EDTA treatment. In line with a previous
report [13], the inhibitory effect of Zn2 + alone was almost
totally abolished by EDTA treatment [Pf = 40.8 +− 14.7 µm/s
compared with Pf = 74.4 +− 28.9 µm/s (n = 5) respectively;
P < 0.05] (Figure 5B). In addition, albeit not complete, the
profound inhibition caused by propofol was remarkably reversed
by the removal of Zn2 + [Pf = 26.8 +− 4.8 µm/s compared
with Pf = 56.4 +− 15.7 µm/s (n = 4) respectively; P < 0.05]
(Figures 5A and 5B). In agreement with this functional
reversibility, the band shifts caused by propofol and Zn2 +

observed in BN-PAGE was also apparently reversed by the
removal of Zn2 + with EDTA treatment (Figure 5C). These
findings indicate that the functional modulation caused by
propofol and Zn2 + is, at least to some extent, reversible, and
AQP4 is able to regain its function after the removal of Zn2 + .

Thiol modification of Cys253 by Zn2 + is essential for propofol
inhibition

Given the high affinity of Zn2 + to cysteine residues in proteins,
we tentatively examined whether propofol inhibition could be
altered when reactivity of cysteine residues was masked by
NMM (N-methylmaleimide), a thiol-covalent-modifying reagent

(Figure 6A). Pre-treatment with NMM attenuated the inhibitory
effect of Zn2 + alone. Moreover, in NMM-pre-treated AQP4
proteoliposomes, propofol rather enhanced the Pf of AQP4 both
in the presence and absence of Zn2 + (Figure 6B). These findings
suggest that thiol modification of cysteine residues by Zn2 + has
an important role in propofol inhibition.

Next, we performed the site-directed mutagenesis experiments
to determine which cysteine residue was responsible for the
interaction with Zn2 + in propofol inhibition. Among six cysteine
residues in AQP4 M23 isoform, we focused on two cysteine
residues, Cys178 and Cys253, which reportedly have important
roles in metal inhibitions [12,13]. As expected, the inhibitory
effect of Zn2 + alone was abolished in C178S-mutant AQP4
proteoliposomes in which Cys178 was mutated to a serine residue.
However, the combination of propofol and Zn2 + continued to
inhibit the C178S-mutant AQP4 proteoliposomes [45.7 +− 14.7%
inhibition (n = 4) respectively; P < 0.05] (Figure 7A, left-hand
panel). In sharp contrast, propofol inhibition was remarkably
attenuated in C253S-mutant AQP4 proteoliposomes in which
Cys253 was replaced by a serine residue [13.1 +− 18.4% inhibition
(n = 3) respectively] (Figure 7A, middle panel). This suggests that
the interaction between Zn2 + and Cys253 has an essential role in
propofol inhibition on AQP4. Eventually, the inhibitory effects of
propofol and Zn2 + were totally abolished in C178S/C253S double
mutant AQP4 proteoliposomes (Figure 7A, right-hand panel).
Consistent with these functional analyses, no clustering effect was
observed in C178S/C253S double mutant AQP4 proteoliposomes
(Figure 7B).

DISCUSSION

In the present study, we have discovered that propofol reversibly
and specifically inhibits AQP4 in the presence of Zn2 + using an
AQP4 proteoliposome functional assay. To our knowledge, the
present study is the first to demonstrate that the water permeability
of AQP4 can be affected by propofol, although propofol has been
reported to influence the expression levels of AQP4 in cultured
cells [28,29]. In addition, we identified Cys253 as a key residue
for propofol inhibition. Since little attention has been paid to this
residue with respect to the functional modulation of AQP4, our
findings may provide novel insights into the functional regulation
of AQP4.
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Figure 4 Propofol facilitates the clustering of AQP4 proteins in the presence of Zn2 +

(A) A representative result of BN-PAGE immunoblots for AQP4 M23 proteoliposomes treated with ZnCl2 and propofol (left-hand panel). AQP4 proteoliposomes were treated with 300 µM
ZnCl2 for 5 min, followed by additional treatment with the indicated concentrations of propofol for 15 min at room temperature (22◦C). Then, the proteoliposomes were solubilized in 1 %
n-dodecyl-β-D-maltoside, and BN-PAGE immunoblotting was performed. The clustering of AQP4 tetramers by the combination of ZnCl2 and propofol was assessed by densitometry of the BN-PAGE
immunoblots (right-hand panel). The band density corresponding to the single tetramer of no-treatment AQP4 proteoliposomes was assigned as the control and the relative densities of the single
tetramer bands of AQP4 proteoliposomes treated with ZnCl2 and propofol as indicated are displayed. The results are shown as means +− S.D. (n = 3). *P < 0.05, compared with no-treatment group
as analysed using a Student’s unpaired t test. (B) The correlation between the reduced water permeability and the clustering of AQP4 tetramers caused by ZnCl2 and propofol. The Pf and the BN-PAGE
band density corresponding to the single tetramer of AQP4 proteoliposomes treated with 300 µM ZnCl2 alone were assigned as controls and relative P f of AQP4 proteoliposomes treated with
300 µM and 1 mM propofol were plotted as a function of relative density of the AQP4 single tetramer band. Pearson’s correlation coefficient (r) was calculated using PASW Statistics 18.0 (SPSS)
and displayed (n = 18; *P < 0.05).

In a proteoliposome assay system we used, the proteins are
supposed to be randomly incorporated in the lipid membrane in
two orientations [12]. This property allows the externally applied
Zn2 + to interact with cytoplasmic residues including Cys178 and
Cys253. However, the inhibitory effects caused by the combination
of Zn2 + and propofol exceeded 50% inhibition. As discussed in
the previous report, one possibility is that some fraction of heavy
metal ion could permeate through the lipid membrane and thereby
affects the cysteine residues of AQP4 in both orientations [12]. It
is also possible that a larger population of AQP4 proteins could
be incorporated in one orientation, in which the cytoplasmic side
is exposed to the outside of the vesicle. In fact, AQP4 proteins
reconstituted in E. coli membrane showed a strong preference in
their orientation shown by the structural analysis [30].

In contrast to AQP4, incubation with propofol either in the
presence or absence of Zn2 + failed to significantly inhibit AQP1,
despite its considerable structural and functional similarity to
AQP4. Thus propofol-induced inhibition is, at least to some
degree, specific to AQP4. A lack of the cysteine residue in AQP1
corresponding to Cys253 of AQP4 may concur with the specificity

of propofol inhibition for AQP4, which is indicated by the site-
directed mutagenesis. This specificity may be of great importance,
especially for the development of AQP4-specific inhibitors.

It was noted that the presence of Zn2 + is required for the
inhibition of AQP4 by propofol. The site-directed mutagenesis
study revealed that the interaction between Zn2 + and Cys253 has
an essential role in propofol inhibition. One possible underlying
mechanism for this inhibition is a direct interaction among
propofol, Zn2 + and Cys253, which may cause a conformational
change at a single channel level, leading to an interference with
the water permeation through the pore. Since Cys253 is located
at the membrane interface in the sixth transmembrane domain
connecting to the C-terminal tail, the region including Cys253 is
expected to be highly mobile. Thus the modulation of this residue
may lead to a great structural change. Another possibility is that
Zn2 + may mediate a tetramer–tetramer interaction through inter-
acting with Cys253 residues of adjacent tetramers and thereby cause
allosteric functional modulation. This type of Zn2 + -mediated
clustering has been proposed in other proteins [31–33]. Since
Cys253 is positioned at the outside surface of the AQP4 tetramer,
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Figure 5 Reversibility of the effects of ZnCl2 and propofol on AQP4 proteoliposomes

AQP4 proteoliposomes incubated with 300 µM ZnCl2 and 300 µM propofol were treated with 10 mM EDTA for 10 min at room temperature (22◦C) and washed using ultracentrifugation. (A)
Representative time courses for the hyperosmotic shrinkage of AQP4 proteoliposomes incubated with 0.1 % DMSO; 300 µM ZnCl2, followed by 0.1 % DMSO; 300 µM ZnCl2, followed by 300 µM
propofol; or 300 µM ZnCl2, followed by 300 µM propofol and treatment with 10 mM EDTA as indicated. (B) The Pf of AQP4 proteoliposomes treated with ZnCl2 and propofol without (white) or with
EDTA treatment (black). The measurements were performed as described in Figure 1. The results are shown as the means +− S.D. (n = 3). *P < 0.05, as analysed using a Student’s unpaired t test.
(C) The clustering of AQP4 proteins caused by Zn2 + and propofol was also reversible. AQP4 proteoliposomes incubated with ZnCl2 and propofol with or without EDTA treatment were subjected to
BN-PAGE immunoblotting, as described in Figure 4.

Figure 6 Cysteine-modification reagent NMM completely abolishes the propofol inhibition on the Pf of AQP4 proteoliposomes

(A) A chemical model of cysteine modification by NMM. (B) The Pf of AQP4 proteoliposomes treated with ZnCl2 and propofol in the presence of NMM. AQP4 proteoliposomes incubated with 1 mM
NMM for 10 min were treated with ZnCl2 and propofol as indicated and the Pf values were measured as described in Figure 1. The results are shown as the means +− S.D. (n = 3).

it would be possible that Zn2 + may form co-ordination bonds
with Cys253 residues of neighbouring AQP4 tetramers. Indeed, our
BN-PAGE analysis has demonstrated the Zn2 + –Cys253-dependent
clustering of AQP4 in propofol inhibition, which is correlated
with the reduced water permeability. Propofol may function
to provide an environment for Zn2 + to mediate AQP4 cluster

formation, plausibly through lipid membrane fluidization, since
propofol has been shown to increase lipid membrane fluidity by
penetrating superficially into the lipid bilayer and to facilitate the
lateral diffusion of constituents in the lipid membrane [18,34].
The lateral mobility of AQP4 on the lipid membrane is also
affected by temperature [35], suggesting that the behaviour of
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Figure 7 Roles of thiol modification of reactive cysteine residues in the inhibition of AQP4 caused by ZnCl2 and propofol

(A) The Pf of mutant AQP4 (left-hand panel, C178S; middle panel, C253S; right-hand panel, C178S/C253S) proteoliposomes treated with ZnCl2 and propofol as indicated. The results are shown as
the means +− S.D. (n = 3–5). *P < 0.05, compared with no-treatment group as analysed using a Student’s unpaired t test. (B) A representative result of BN-PAGE immunoblottings of C178S/C253S
double mutant AQP4 proteoliposomes treated with ZnCl2 and propofol as indicated.

AQP4 tetramers in the lipid membrane can be governed by
protein–lipid interaction. Therefore it is possible that propofol-
induced membrane fluidization might contribute to the Zn2 + -
mediated AQP4 clustering and the functional inhibition, although
specific interactions between propofol and AQP4 cannot be totally
excluded. The inhibitory effects of other lipid membrane fluidizers
observed in the present study may further support this possibility.

AQP4 is also known to form physiologically large clusters
called OAPs (orthogonal arrays of particles) [36,37], which
is reportedly mediated by the interactions among N-terminal
chains and related to water permeation through AQP4 [23,38–
40]. However, propofol inhibition of AQP4 is not directly related
to the OAP formation since propofol inhibition is also observed in
AQP4 M1 that is a shorter splicing isoform not capable of forming
OAPs. Hence Zn2 + -mediated AQP4 clustering may involve a
different mechanism from the physiological OAP formation
and thereby affect the water permeability of AQP4 differently.
Although the induction of AQP4 clustering by propofol and Zn2 +

could be caused by proteotoxicity arising from the aggregation
and denaturation of the protein, we believe that this is not the
case because both the functional inhibition and the clustering
are reversed after Zn2 + removal by the addition of EDTA.
Nevertheless, more extensive structural analyses are required
to determine how Zn2 + -mediated clustering couples with the
profound functional inhibition of AQP4. Such studies will also
shed light on the involvement of tetramer–tetramer interactions in
the functional regulation of AQP4.

The propofol concentrations required to inhibit AQP4 in the
present study are considerably higher than the clinically relevant

plasma concentration or those used in other in vivo experiments
[41]. However, membrane-acting drugs like propofol should be
preferentially incorporated and concentrated in membrane lipids
in the brain. Indeed, in rabbits anaesthetized with propofol, the
propofol concentration in the brain parenchyma is more than ten
times higher than the plasma concentration after the intravenous
infusion of propofol [42]. Considering that AQP4 is strongly
localized to vascular end-feet of astrocyte surrounding the blood–
brain barrier, it is no wonder that AQP4 could be exposed to
such high concentrations of propofol in in vivo situations. Thus
taking advantage of abundant free Zn2 + in astrocytes under
pathological conditions, propofol might inhibit AQP4 and prevent
the cytotoxic brain oedema. This possibility is consistent with
previous reports in which propofol attenuates the brain oedema
following ischaemic injury in mice models [19,20,43].

Overall, we have demonstrated that propofol reversibly
and specifically inhibits the function of AQP4 through the
interaction between Zn2 + and Cys253. It is a subject of future
investigations whether these inhibitory mechanisms can be
applied to physiological settings. Nevertheless, our findings
provide new insight into the functional regulation of AQP4 and
the identification of novel AQP4-specific inhibitors.
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A general anaesthetic propofol inhibits aquaporin-4 in the presence of Zn2 +
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Figure S1 Effects of propofol and Zn2 + on AQP4 proteoliposomes without
the His-tag

The inhibitory effects of ZnCl2 and propofol on AQP4 were not due to an artefact caused
by the His-tag at the N-terminal of the purified AQP4 protein. The Pf of His-tag ( − ) AQP4
proteoliposomes were treated with ZnCl2 and propofol. AQP4 proteins in which the His-tags at the
N-terminal were cleaved were reconstituted into liposomes. The treatments and measurements
were performed as described in Figure 1 in the main text. The results are shown as the
means +− S.D. (n = 3). *P < 0.05, as analysed using a Student’s unpaired t test.

Figure S3 Sucrose-density-gradient fractionation for AQP4 proteoliposomes treated with ZnCl2 and propofol

AQP4 proteoliposomes treated with DMSO or the combination of 300 µM ZnCl2 and 1 mM propofol were solubilized with 1 % n-dodecyl-β-D-maltoside and subjected to sucrose-gradient-density
centrifugation. Aliquots collected from top to bottom were subjected to SDS/PAGE (12 % gel) and immunoblotted for AQP4.
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Figure S2 Combination effects of ZnCl2 and propofol were also observed
in AQP4 M1 proteoliposomes

Pf of AQP4 M1 proteoliposomes treated with ZnCl2 and propofol. The treatments and
measurements were performed as described in Figure 1 in the main text. The results are
shown as the means +− S.D. (n = 3). *P < 0.05, as analysed using a Student’s unpaired t test.
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