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Human AQP1 Is a Constitutively Open Channel that Closes by
a Membrane-Tension-Mediated Mechanism
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ABSTRACT This work presents experimental results combined with model-dependent predictions regarding the osmotic-
permeability regulation of human aquaporin 1 (hAQP1) expressed in Xenopus oocyte membranes. Membrane elastic properties
were studied under fully controlled conditions to obtain a function that relates internal volume and pressure. This function was
used to design a model in which osmotic permeability could be studied as a pressure-dependent variable. The model states that
hAQP1 closes with membrane-tension increments. It is important to emphasize that the only parameter of the model is the initial
osmotic permeability coefficient, which was obtained by model-dependent fitting. The model was contrasted with experimental
records from emptied-out Xenopus laevis oocytes expressing hAQP1. Simulated results reproduce and predict volume changes
in high-water-permeability membranes under hypoosmotic gradients of different magnitude, as well as under consecutive hypo-
and hyperosmotic conditions. In all cases, the simulated permeability coefficients are similar to experimental values. Predicted
pressure, volume, and permeability changes indicate that hAQP1 water channels can transit from a high-water-permeability
state to a closed state. This behavior is reversible and occurs in a cooperative manner among monomers. We conclude that

hAQP1 is a constitutively open channel that closes mediated by membrane-tension increments.

INTRODUCTION

The discovery of aquaporins (AQPs) in 1992 (1) had a signif-
icant impact on the study of water transport through biolog-
ical membranes. Since then, members of the AQP family
have been described in all living organisms (2) and the effort
to further understand their regulation has given rise to
a wide range of studies.

Initially, the study of water transport through AQPs was
centered on finding drugs that could modulate the activity
of the channel. Early on, mercury chloride was accepted
as the extracellular inhibitor of AQPs (3), but it was later
shown to activate only certain AQPs, such as AQP6 (4).
Its mechanism of action has been described down to the
molecular level in AQPI (5). Mercury chloride was also
shown to reduce the water transport rate of the mammalian
AQP4, but this time by acting on the intracellular side of the
channel (6). Other drugs, such as bumetanide and its deriv-
atives, have also been described as intracellular inhibitors of
rat AQP4 (7). Following these studies of AQP’s function and
modulation, we recently reported that furosemide is an
intracellular inhibitor of human AQP1 (hAQP1) (8).

The regulation mechanisms of AQPs have been described
most thoroughly in plants. Some well-known examples are
phosphorylation events, differential responses to intracel-
lular pH or calcium concentrations, occlusion of the pore
by a cytoplasmic domain of the protein (for a review of these
mechanisms, see Tornroth-Horsefield et al. (9)), and the
organization of membrane heterotetramers (10,11).
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Recent results from molecular-dynamics (MD) simula-
tions suggested that gating mechanisms mediated by trans-
membrane voltage differences (AVr) could have a role in
regulating AQP1 and AQP4 (12). However, the AVt values
required to see such effects are on the order of 1-2 V, which
is far from the biological range.

Wan and co-workers (13) described a gating mechanism
in algae cells mediated by the intensity of water flow within
the AQP pore. This effect increased proportionally with the
size of mechanically induced pressure changes. The authors
proposed two probable mechanisms by which this mechan-
ical stimulus was perceived: 1) the input of kinetic energy
on the NPA motif of AQPs, which may cause a conforma-
tional change in the channel (the energy-input model);
or 2), the development of tension near the channel constric-
tion (the cohesion-tension model).

Based on estimates of intracellular hydrostatic pressure,
Soveral and co-workers (14) suggested that membrane
tension could be a mechanism for regulating the rate of
transport of the yeast aquaporin AQY1 of Pichia pastoris.
Subsequently, another group revealed that regulation of
AQY1 would not be mediated by a direct effect of mechan-
ical tension, but rather by a combination of mechanosensi-
tivity (studied by MD simulations) associated with
phosphorylation (assayed in spheroplasts) (15).

Recently, we obtained experimental evidence that would
suggest a possible regulatory role of membrane tension
(T) in hAQP1, without the contribution of cytoplasmic inter-
mediates (8). Here, we propose that the modulation of
hAQP1 by membrane tension is responsible for the nonlinear
osmotic response observed in Xenopus laevis emptied-out
oocytes (EOOQOs) after hypoosmotic challenges. Having
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demonstrated that internal pressure (P;) and volume (V;) can
be measured simultaneously with the EOO technique, our
strategy was to first determine the relationship between these
variables and then to develop a mathematical model in which
the osmotic permeability were dependent on both P; and V;.
In vitro and in silico results, performed with gradients of
different nature and magnitude, demonstrate that hAQP1 is
modulated by membrane tension in a reversible and cooper-
ative manner by acting on AQP monomers. A general equa-
tion is presented to predict the effect of membrane tension on
changes in the osmotic permeability coefficient (Pf) in
oocyte membranes overexpressing hAQPI.

MATERIALS AND METHODS

Our previously published experimental methodology (8) is described in the
Supporting Material. Here we describe the specific method and model used
in this work.

Determination of the relationship between
internal pressure and volume

To determine the P; — V; relationship in EOOs, stepwise injections of
0.16 pl of ND96 were done until membrane rupture was reached. Mean
P; and V; values were taken from steady states at the end of each volume
step (Fig. 1 A). For each experiment, the P; — V; relationship was obtained
by a second-order polynomial function (continuous lines in Fig. 1 B).

To study the P; — V; relationship in entire X. laevis oocytes (Fig. S2),
each cell was punctured with a glass micropipette connected with a catheter
to the clip-on dome with the pressure transducer. A Hamilton syringe was
connected to this catheter halfway between the oocyte and the pressure
transducer. As with the EOOs, volume changes were induced stepwise by
injecting an isoosmotic solution with the Hamilton syringe. In this case,
the volume injected in each step was 0.32 pl.

The first-order derivative (dP;/dV;) of the P; — V; function (i.e., the
elastic modulus or elastance (E(r)) was obtained for each experiment to
get an average function to characterize the system (Fig. S4).
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Model

Simulations were performed to study the osmotic response of Xenopus
oocytes expressing hAQP1. The model was based on the general formula-
tion used for fluid fluxes (16). According to this model, water is transported
by an osmotic mechanism that is described by the following phenomeno-
logical expression:

Ty(t) = Pr-A(t)-V,,-1072- <Vi(t)— Ce) )

where Jyy (f) is the water flux across the membrane, Py is the osmotic perme-
ability coefficient of the oocyte membrane, A(¢) is the membrane area, V,, is
the water molar partial volume, C, is the extracellular osmolarity, m; is the
total number of internal osmolytes, and V;(¢) is the internal volume, which
is calculated from videomicroscopy images of the EOO, assuming a semi-
spherical shape. Because Py is constant, the model described by Eq. 1 will
be called the constant Py model (CPM).

Based on this general model, we introduced the following modifications
to consider a variable osmotic permeability coefficient (Py(r)):

f(t) - P,’(I)/Po ()

where P;(t) is the internal pressure at any time ¢ > 0, Py is the initial
internal pressure, and PN is the initial osmotic permeability coefficient.

The relative internal pressure (P;(t)/Py) was determined from the rela-
tive internal volume (V;(r)/Vp) according to the following equation:

PO e, (V;_if))z_cl- (D va o

where V;(7) is the internal volume at any time 7 > 0, V) is the initial internal
volume, and C, =976 = 8, C; = 1904 *= 4, and Cy = 929 * 7 are the
mean polynomic coefficients = SE (n = 4). This equation is the average
of four independent experiments done in EOOs, in which volume incre-
ments were induced by stepwise injections, whereas P; and V; were simul-
taneously measured (as described in Materials and Methods). Equations 2
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FIGURE 1

Study of the elastic properties of X. laevis oocyte membranes. (A) Time course of internal pressure (P;) and volume (V;) registered in a typical

experiment. Both variables were simultaneously measured using the EOO technique. Volume changes were induced by stepwise pulses. Each step was
induced after stabilization of the previously injected pulse. (B) Mean P; and V; values were obtained at the steady state of each step. Data for four independent
oocytes are shown in a P; — V; plot. Each experimental record was fitted to a second-order polynomial function (R? > 0.99 in all cases). The open circle
represents the mean point of membrane rupture = SE (n = 4). (C) Each polynomial function obtained in B was expressed as relative pressure (P;/Py) versus
relative volume (V;/Vj), and the results were then averaged to obtain a mean function of (P;/Py) versus (V;/Vy). The coefficients obtained were
C, =976 £ 8, C; = 1904 = 4, and Cyp = 929 = 7 (expressed as mean *= SE, n = 4). See Fig. S2 for P; — V; measurements in whole oocytes,
Fig. S3 for comparison of T values, and Fig. S4 for comparison of E values between EOOs and whole oocytes.
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and 3 establish a simple relationship between Py and the two variables that
define membrane elastance: P; and V;.

Equation 2 defines Py = P_;-N’ at t = 0. From then on, Py must decrease due
to P; increments produced by the osmotic flux. The presented model
assumes that water is transported through the membrane by osmosis.
This process was modeled using the phenomenological expression repre-
sented by Eq. 1, along with modifications introduced by Eqs. 2 and 3,
and the continuity theorem. Essentially, the model states that 1), volume
changes in the intracellular compartment are due to volume flux across
the membrane; and 2), the driving force for water is the osmotic gradient
between the external and internal sides of the oocyte membrane. The
most important variable in the model is the relative volume delimited by
the oocyte membrane. Because experiments were done using the EOO
method, the model considers the volume of half an oocyte. The model
computes concentration variations in the internal compartment for each
iteration step. The relevant parameter is P!V, which is selected by
a model-dependent fitting procedure. This parameter, along with initial
experimental conditions, defines the initial flux in each experiment. Thus,
water fluxes determine the internal volume increments, and this defines
the pressure changes predicted by Eq. 3. These pressure changes modify
Py values according to Eq. 2. Therefore, this model is called the variable
P; model (VPM). In this model, the area of the oocyte membrane is consid-
ered variable. The model does not consider any interaction between water
transport and membrane potential.

Simulations

Simulations were performed using the Euler method with custom-made
software developed in Visual Basic code using an integration step of 1 s.
This step guarantees the accuracy and stability of the Euler method. The
procedure predicts the time course of relative volume changes after a hypo-
osmotic challenge. The software allows model-dependent fitting of experi-
mental results to obtain the best-fitted P;»N’ value, as well as visualization of
simulated and experimental data. All initial experimental data (volume,
area, and internal and external osmolarities) were used to simulate osmotic
responses. Each simulation was run until the end of the experiment, and the
best fit was selected by the minimum-squares comparison method. In this
manner, the best fit P/ was obtained for each experiment. In addition,
internal osmolarity (m;/V;(t)), relative pressure (P;(t)/Po), water flux
(Jw(t)), and Py values were simultaneously simulated along with volume
changes (V;(t)/Vj) in each run.

Finally, mean Vo and P values (obtained from experimental results and
from previous fitting runs) were used as initial conditions to simulate the
osmotic response with initial gradients of 25, 75, 125, 175, 225, and
250 mM. Three different simulations were run for each gradient, using
the following initial values for V, and Pf’»N’ : mean, mean + SE, and
mean — SE (thus, n = 3). The results obtained from these simulations
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were analyzed together, along with results obtained from fitting
simulations.

Statistical analysis

All data are presented as the mean + SE. Significant differences were eval-
uated with the Mann-Whitney test, with p < 0.05.

RESULTS

Determination of the P; — V; relationship and
characterization of the elastic properties of the
membrane

Simultaneous P; and V; records were obtained to charac-
terize the elastic properties of EOO membranes. A typical
experiment is shown in Fig. 1 A. We injected the solution
stepwise into the internal compartment, waiting at each
step to achieve a steady state. In Fig. 1 B, four independent
experiments are shown. Data points represent the mean
values of P; — V; pairs registered during the steady state
of each step. Afterward, each experiment was fit to a
second-order polynomial function (continuous lines in
Fig. 1 B). Each of these functions was expressed in terms
of relative pressure (P;/Py) and volume (V;/Vy). Fig. 1 C
shows the average values of these functions (Eq. 3).

To date, only a few studies have focused on the elastic
properties of Xenopus oocyte membranes. To compare our
results with those found in the literature, in particular those
reported by Kelly and Macklem (17) and Kelly et al. (18),
we studied the elastic properties of Xenopus membranes
in whole oocytes (Fig. S2). These results (Table 1) were
similar to those obtained by Kelly and co-workers, even
though we used a different protocol. Thus, there were no
significant differences in the relative volumes reached at
membrane rupture (Max V/V,) in whole oocytes, regardless
of the use of different methods.

Table 1 also shows results obtained in EOOs. A compar-
ison of initial and maximal P; values shows that relative
pressures at membrane rupture are 10-fold higher in
EOOs than in whole oocytes. A comparison between

TABLE 1 Comparison of the elastic properties of EOOs and whole oocytes

Initial P; Maximal P; V; (initial) Max T

(x 10% dyn-cm™?) (x 10* dyn-cm™?) (x 1072 em®) Max V;/Vy (mN/m) E (x 107 dyn-cm ™) Reference Source
0.21 = 042 97.8 = 16.0° 0.71 £ 0.05 1.46 = 0.12 555 = 177° 13 + 5.2° EOOs

46 = 1.9 55.6 = 12.8% 1.20 = 0.05 1.28 = 0.04 104 + 21° 2.54 + 0.68" whole oocytes
6.5 + 1.8° 53.0 = 6.3° 0.86 + 0.04° 1.24 + 0.03° ~178 + 36° ~5.6° (17,18)

Values of initial internal pressure (P;), maximal P; reached, internal volume (V;), maximal volume change expressed as maximal relative volume (V;/Vj),
maximal tension reached (T'), and maximal elastic modulus (E) are compared between EOOs and whole oocytes. Significant differences were observed
between all variables in both groups (p < 0.05, Mann-Whitney test, EOOs (n = 4), whole oocytes (n = 5)). Results from whole oocytes were compared
with those previously obtained in Xenopus oocytes by Kelly and Macklem (17) and Kelly et al. (18). Because Kelly and co-workers estimated the elastance
(E;) relative to volume (AP;./(AV./V.)), the reported data have units of pressure (KPa). Assuming a cellular volume of ~0.001 cm?®, we divided the refer-
enced data and obtained E values similar to those presented in this work.

“Data represent values obtained at membrane rupture.

®Values calculated from Kelly and Macklem (17).

“Values calculated from Kelly et al. (18).
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EOOs and whole oocytes shows significant differences in
the maximal value of E just before rupture (Table 1 and
Fig. S4). Because there are no significant differences
between relative rupture volumes, these differences in P;
and E could be a consequence of the absence or presence
of oocyte cytoplasmic content. Just as might be expected
from maximal P; values, our results show that the calculated
T value at rupture is significantly greater in EOOs than in
whole oocytes (Table 1).

Contrasting the VP4 with osmotic experiments:
does hAQP1 behave as a two-state channel?

Equation 1 is widely used to determine the P values of
AQPs (19). However, its applicability is limited to the begin-
ning of the osmotic response, when the volume that has
accumulated through time is still small. Additionally, simu-
lations run with this model do not fit experimental results
when a high-permeability pathway is combined with
a high driving force, as occurs with hAQP1 expressed in
Xenopus oocytes tested with high osmotic gradients
(Fig. S5). Therefore, we developed and tested different
computational models in an attempt to describe this
phenomenon more accurately. Some models took into
account solute movements coupled with osmotic fluxes in
EOOs, and others evaluated the counteracting forces of
osmosis and hydrostatic pressure. Eventually, they were
all discarded because the best-fitting parameters obtained,
i.e., Pr, solute permeability (P;), and internal hydrostatic
pressure (P;), were beyond all possible biological ranges
(see other tested models in the Supporting Material).

We finally proposed the VPM, which we developed by
introducing Eqgs. 2 and 3 to modify the classical equation
used to study osmotic fluxes (Eq. 1). As a first approach,
the VP M was contrasted with experiments in which the
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osmotic gradient was created by dilution of the extracellular
solution. Fig. 2 A shows a typical experiment in which the
simulation with the VPM fit to experimental data (contin-
uous line). The mean Ps value obtained from three indepen-
dent simulations at 10 s was not significantly different from
experimental measurements obtained at the same time
(0.0026 = 0.0009 vs. 0.0032 = 0.0009 cm-s~'; mean =+
SE, respectively). The corresponding Py time course is
shown in Fig. 2 B. This result predicts that P; varies from
an initial state of high permeability to a final state of lower
permeability. The predicted Py values at the end of the
experiment show a tendency to reach the water permeability
of membranes without AQPs. Therefore, hAQP1 would
transit from initially an open state to finally reach a possibly
closed state. Additionally, internal pressure changes seem to
be almost constant, as shown in Fig. 2 C.

The dashed line in Fig. 2 A shows the predicted osmotic
response obtained using a constant P; value, just as in
classic AQP experiments. Py was obtained by model-
dependent fitting, applying Eq. 1 up to 10 s. This value
was then used to simulate the osmotic response up to 160
s, using initial experimental data and the CPM (Eq. 1).
From the analysis shown in Fig. 2 A (dashed line) and
Fig. S5, it is clear that a model that considers a constant
P as the only parameter cannot explain the experimental
data obtained with hAQP1 exposed to high osmotic gradi-
ents beyond 10 s. However, up until 10 s, both the CPM
and VP simulations are neatly superimposed with exper-
imental results (Fig. 2 A). This demonstrates that both
models coincide with classical methodology in determining
Py, i.e., drawing the best line through zero. However, the
CPM cannot predict what happens at longer times (dashed
line in Fig. 2 A, and Fig. S5), whereas the VP/M is able to
reproduce the entire osmotic response (continuous line in
Fig. 2 A).
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FIGURE 2 VPM contrasted with a typical osmotic experiment in X. laevis oocytes with hAQPI. (A) Time course of experimental (dots) and simulated
(lines) relative volumes. The osmotic gradient (~140 mM) was created by diluting the external solution. The experiment was done using the EOO technique.
The continuous line is the best-fitted response simulated with the variable water permeability model (VPM). The only parameter in this model is ij.N’, which
is modified by relative pressure (P;/Py) according to Eq. 2. The best-fitted P;NI for this experiment is 0.0043 cm-s~". P; /Py was determined by the model
according to Eq. 3, shown in Fig. 1 C. The dashed line is the osmotic response predicted by the constant P model (CP/M), using the Py value obtained by
fitting Eq. 1 up to 10 s (0.0040 cm- s™1). All initial data for simulations (except P]{NI ) were obtained from the experiment. (B) Time course of P obtained from
the simulation shown in A. A transition in the water pathway from an open to a closed state seems to occur. (C) Time course of the relative internal pressure

(P;i/Po) obtained in the same simulation.
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To further test our model, we contrasted the VPM with
experiments in which we created the osmotic gradient while
maintaining the same ionic force on both sides of the
membrane. To that end, we created osmotic gradients by
using different concentrations of mannitol between the
two compartments. Remarkably, the VPM results are
consistent with previously published experiments (8) in
that the relationship between simulated Jy values and the
applied osmotic gradient (Aosm) is nonlinear 10 s after
the beginning of the osmotic shock (solid circles in
Fig. 3). What was previously an experimental observation
can now be explained by predictions obtained from simula-
tions with the VPAM. When only initial simulated fluxes
(t = 0) are considered (taken from experiments shown in
Fig. 4), a linear relationship is obtained (open circles in
Fig. 3, R? > 0.96). In the first 10 s, the simulated internal
osmolarity falls <3% (Table 2); therefore, Jy deviations
from linearity cannot be a consequence of decrements in
driving force. According to the model, P; increments are
induced by increments of V; (Fig. 1 C). This relationship
indicates that small volume increments (~3%) induce very
important changes of P; (~100%) (Table 2).

In conclusion, given that 1), hAQPI is overexpressed in
our experimental system; 2), Jy driven by osmosis produces
Vi increments (Fig. 2 A); 3), V; increments produce P; incre-
ments (Fig. 1 B); 4), the VPM predicts that P; increments
will produce P; decrements (Eq. 2 and Fig. 2 B); 5), the
experimental P; — V; relationship was obtained under
steady-state conditions, thus satisfying Laplace’s law
(Fig. 1, A and B); and 6), the EOO technique allows one
to discard any cytoplasmic effect (i.e., phosphorylation
events), it is feasible to hypothesize that the modulation
of hAQPI channels would be directly mediated by
membrane-tension variations.

3.0
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1.5-
1.0
0.5-
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® t=10s
O t=0s
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O
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FIGURE 3 Relationship between simulated fluxes and osmotic gradients.
Water fluxes (/i) were obtained at 10 s (solid dots) and at the beginning of
the osmotic challenge (open dots) from simulations shown in Fig. 4. At 10's,
the relationship between Jy and Aosm is nonlinear, just as experimentally
observed (8). However, through simulation it is also possible to analyze
initial Jy values (open dots), where this relationship is linear, just as pre-
dicted by Eq. 1 (R* > 0.96).
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hAPQ1 modulation by membrane tension could
occur through a cooperative mechanism

In the four experimental series used to test the effect of
different driving forces using mannitol, the relative volume
time courses show increasing swelling rates and subsequent
flattening (Fig. 4 A). Again, all simulations show a close fit
with experiments along the entire record. The mean P/
values obtained from best fits are shown in Table 2. These
experiments indicate that internal pressure increases
(Fig. 4 B), whereas Py values decrease along the osmotic
response (Fig. 4 C). This phenomenon is more apparent at
higher gradients, showing the greatest effect at 200 mM
mannitol (Table 2).

The dashed lines in Fig. 4 A show the predicted osmotic
responses obtained using the CPM. Again, Py values were
previously obtained by model-dependent fitting up to 10 s
and then used together with initial experimental data to
simulate the osmotic responses up to 180 s. As previously
noted, a model like this (i.e., one that considers a constant
Py value as the only parameter) cannot reproduce experi-
mental data.

If we assume that changes in membrane width are insig-
nificant, we can use each pressure value to calculate its
corresponding T value (Table 2). Therefore, the results in
Fig. 4 are also consistent with the hypothesis of a hAPQ1
modulation mechanism gated by membrane tension.

Results obtained with 200 mM gradients show that small
volume increments (~3%) produce a ~50% reduction in P
(Table 2). This volume change corresponds with T values
of 4.5 = 0.6 mN/m (Table 2).

To find a possible explanation for the mechanism
underlying Py regulation by membrane tension, we ran addi-
tional simulations (Fig. 5). Data obtained from these simu-
lations were analyzed at 10 s because internal osmolarity
does not change significantly up to this time (Table 2).
Because changes in Aosm and membrane area are depreci-
ated up until 10 s, during this time Jy depends only on
Py¢. Results in Fig. 5 indicate that Py values decrease with
osmotic gradient increments, following a sigmoidal curve.
Fitting the results to a Hill equation (continuous line in
Fig. 5) shows a cooperative interaction among approxi-
mately four cooperative sites. Because AQP monomers
arrange into tetramers in the membrane, this result is consis-
tent with a model for hAQP1 that transits from open to
closed states involving a cooperative transition among
monomers.

P; changes induced by membrane tension are
reversible

In another experimental series, the model was contrasted
with consecutive swelling and shrinkage induced in the
same oocyte. Once again, the simulated results (Fig. 6 A)
show a close fit to experimental data. In addition, Fig. 6 B

Biophysical Journal 104(1) 85-95
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FIGURE 4 VP/M contrasted with osmotic experiments using mannitol gradients of different magnitude in X. laevis oocytes with hAQP1. (A) Time course
of experimental (dots) and simulated (/ines) relative volumes obtained with four gradients of different magnitudes (~50, 100, 150, and 200 mM mannitol).
Continuous lines are the best-fitted responses simulated with the VPM. The obtained P}N’ values are 0.0028, 0.0019, 0.0033, and 0.0035 cm-s ', respectively.
Dashed lines are the predicted responses obtained with the CPM, using the best-fitted Py value obtained with Eq. 1 up to 10 s. These values are 0.0023,
0.0021, 0.0032, and 0.0020 cm~s", respectively. (B) Time courses of P;/P, obtained in simulations shown in A. Pressure changes seem to occur faster
with higher gradients. (C) Time courses of Py obtained in simulations shown in A. The water pathway transitions from open to closed states occur faster
with higher gradients. In all cases, Aosm indicates the initial osmotic difference.

shows that the permeability changes are actually reversible.
Moreover, the derivative of Fig. 6 B reflects the proposed
cooperative effect among monomers (see Fig. S6).

Control experiments with gramicidin A prove that
VP:M is specific for hAAQP1

To test the specificity of the proposed tension effect on
hAQP1 in Xenopus oocytes, we conducted osmotic experi-
ments with another type of pore with a different structure.

Biophysical Journal 104(1) 85-95

In this case, gradients of 200 mM and 400 mM mannitol
were tested in EOOs with gramicidin A. Just as with
hAQP1 (Fig. 4), experiments with gramicidin A were done
using the same ionic force in both compartments. In simula-
tions with VPM, a poor fit with experimental results was
obtained (data not shown). As shown in Fig. 7, experiments
with 200 and 400 mM mannitol were linear up to ~80 s and
~120 s, with final relative volumes of ~1.1 and ~1.25,
respectively. Clearly, these volume time courses are
different from those obtained with hAQP1 (Fig. 4). The
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TABLE 2 Simulated data obtained with VP4l at 10 s in EOOs

Nominal Measured P]{N’ x 107* Py x 107 Osm;

Aosm (mM) Aosm (mM) (cm-s™") (cm-s™") Vi/Vo P;/Py T (mN/m) Osmy n
50 48.5 £ 0.7 27 =5 26 = 45° 1.010 = 0.002 * 1.38 = 0.08 * 2.7 £ 0.1* 99.05 = 0.16 6
100 91.0 £ 49 19 £ 1 19 + 12%° 1.014 = 0.001 * 1.53 = 0.28 % 2.8 +0.1* 98.65 = 0.11 3
150 1375 = 9.7 18 =9 14 + 4.6%° 1.016 + 0.006 *° 1.59 £ 0.15* 3.1 = 04*° 98.44 = 0.51 4
200 1994 = 1.3 25 %5 14 +19° 1.029 + 0.005° 2.04 + 029° 45+ 06° 97.82 0.48 5

The ionic force was the same in both compartments. Py is modified by relative pressure (P;/P) according to Eq. 2. P;/Py was determined by the model
according to Eq. 3 (Fig. 1 C). Membrane tension (T') was calculated from V;/Vj according to the function shown in Fig. S3 (solid dots). Different letters
indicate significant differences between data within the same column (p < 0.05, Mann-Whitney test).

*Internal osmolarity expressed as a percentage of the initial value.
“Significant differences between data (p<0.05, Mann-Whitney test).
®Significant differences between data (p<0.05, Mann-Whitney test).

osmotic response with gramicidin A does not show any type
of regulation in a situation where membrane tension
increases; thus, the simpler and classic CPAV is better suited
to explain this behavior.

DISCUSSION

Elastic properties of the oocyte membrane
and the P; — V; relationship

Measurements obtained to study the membrane elastic prop-
erties showed that internal pressure differences between
EOOs and whole oocytes could be a consequence of the
absence or presence of the oocyte content.

The maximal tension and E values we obtained in whole
oocytes were similar to previously reported data (Table 1)
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FIGURE 5 Relationship between Py and Aosm, 10 s after the beginning of
the osmotic shock. Dots represent Py values at 10 s (mean = SE). Data for 50,
100, 150, and 200 mM gradients were obtained from simulations in Fig. 4.
Data for gradients of 25, 75, 125, 175, 225, and 250 mM were obtained
from simulations applying the VP/M as described in Materials and Methods.
The continuous line fits (R> > 0.97) to the Hill function: Py =
P+ (PFIN — PIT)-[(Aosm)" [ ((Aosmso)" + (Bosm)")], where PP and
P]fIN are the initial and final P values, Aosm is the osmotic gradient,
Aosms is the osmotic gradient at which the half value between P/¥ and
PfHN is obtained, and n is the number of cooperative sites. The fitting
parameter values are PM: (2.7 + 0.1) x 1072 em-s7h; PN (12 =
0.1) x 1073 cm-s™'; Aosmisy: 86.3 = 6.5 mM; n: 3.89 + 1.16. The fitting
curve was obtained with OriginPro 8 software, v8.0724 (OriginLab, North-
ampton, MA).

and were also comparable to values obtained in Rana tempo-
raria oocytes under isotonic conditions (7 ~1.5 mN/m, and
E~12 %107 dyn-cm*5 ) (20). Previously published E values
obtained in Xenopus oocytes without AQPs were estimated
from osmotic experiments in which volume increments
were continuous (18), as opposed to our determinations,
which were made under stepwise controlled conditions.
This difference in our experimental series has two major
implications: 1), P; — V; data pairs can be measured at
steady states; and 2), the function of E can be obtained
(Fig. S4). At each steady state, P; and V; have a unique
and constant value, and thus Laplace’s law can be applied
in each step (Fig. 1 A). Given this condition, a mean P; value
can be directly associated with a mean T value (Table 2, and
Fig. S3). Another important issue to point out is that because
the experiments reported by Kelly and Macklem (17) and
Kelly et al. (18) were done in whole oocytes, their measure-
ments were influenced by the effects of both cellular
membrane and cell content (including cytoskeleton). In
contrast, our use of the EOO technique has an important
consequence: cellular cytoplasm is not present. This could
explain the differences observed between maximal pres-
sures in EOOs and whole oocytes (Table 1). In EOOs, water
entering the internal compartment distributes in a bulk-
water-like environment, producing hydrostatic pressure
values that are not reached in whole oocytes (Table 1).
Results obtained from atomic force microscopy (AFM)
measurements in primary rat astrocytes show that during
osmotic swelling, cells actually soften rather than stiffen
as their volume increases (21). The explanation proposed
by the authors for this counterintuitive result is that in intact
cells (i.e., with cytoplasm), the cytoskeleton acts as a cross-
linked gel, so that the stress produced by the added volume
is distributed in three dimensions, as would occur inside
a medium such as a gel or a sponge. Therefore, water
molecules entering the cell are partially trapped inside the
gel-like medium of the cytoplasm, and thus exert less hydro-
static pressure than would be expected.

In conclusion, it is the absence of cytoplasm that would
explain the main differences observed between EOOs and
whole oocytes.

Biophysical Journal 104(1) 85-95
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FIGURE 6 VPM contrasted with consecutive
hypo- and hyperosmotic mannitol gradients. (A)
Time course of experimental (dots) and simulated
(line) relative volumes. Experimental records
show the mean *+ SE of five independent experi-
ments that began under hypoosmotic conditions
and then, after 60 s, a hyperosmotic gradient was es-
tablished. The light gray arrow indicates the begin-
ning of the hypoosmotic gradient, and the black
arrow indicates the beginning of the hyperosmotic
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Examining the hypothesis of hAQP1 modulation
by membrane tension

The Xenopus oocyte is a very large cell (~1-1.4 mm in diam-
eter) that is covered by a glycoprotein shell called the vitel-
line envelope (VE), which exerts most of the elastance of
the Xenopus oocyte membrane (18). The rupture of this
membrane indicates the maximal limit up to which the VE
can resist deformation. Could it be that decreases in Py are
actually mediated by the elastic properties of the VE instead
of the plasma membrane? Simultaneous measurements
show that small V; increments induce important changes in
P;. For example, 10 s after the highest gradient is tested
(200 mM mannitol), there is an important closure of the
water pathway (~50%) showing a volume increment of
only ~3%, whereas the pressure increment is ~100%
(Table 2). At this time, the relative volume is far from the
~30% upper limit that the oocyte membrane can resist
before rupture (Table 1) (17,22). Our results show that the
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FIGURE 7 Osmotic experiments in EOOs with gramicidin A. The
osmotic responses of two typical experiments with EOOs expressing gram-
icidin A are shown as the relative volume time course (dots). Gradients of
200 (circles) and 400 (squares) mM mannitol were tested. Responses are
linear (R? > 0.99 in both cases) until volume changes of 10% and 25%,
respectively, occur. VP, M does not fit in these cases.
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gradient. Both hypo- and hyperosmotic gradients

t(s) were 50 mM mannitol. (B) Time course of Py values

predicted by the model from the same simulation
shown in A. Clearly, the VPM predicts reversible
P; changes, which reflect the symmetry observed
in volume changes during the osmotic response.
For more details, see the Supporting Material.

water pathway begins to close with small volume increments
that are one order of magnitude below the relative volume
reached at rupture. Therefore, the possibility that closure
is mediated by the elastance of the VE was discarded.

In addition, changes in the driving force of water move-
ment were also discarded as the cause of the observed effect.
Because at 10 s changes in area and Aosm are small enough
to be depreciated (Table 2), up to this time Jy depends only
on Py.

Another possibility is that the flattening of the osmotic
response was a consequence of the internal hydrostatic pres-
sure increment. However, when this hypothesis was tested,
the elastic properties of the system could not resist the enor-
mous hydrostatic pressures needed to oppose the osmotic
pressure that drives the water flux toward the internal side
of the system (see other tested models in the Supporting
Material). Thus, the idea that internal hydrostatic pressure
increments reduce internal water flow was discarded. A clear
explanation for the equivalence between hydrostatic pressure
and osmotic pressure can be found in the literature (20).

The nonlinear response of hAQP1 was not reproduced
with gramicidin A. Instead, a clearly linear behavior was
observed, indicating that the VPM specifically describes
the T effect on hAQPI.

Considering the proposed model and discarding all other
factors, membrane tension emerges as the main cause of
hAQP1 P; modulation. Although a previous work (with
vesicles from rabbit kidney proximal tubules) suggested
the possibility of AQP1 modulation by changes in mem-
brane tension (23), the authors described this mechanism
as “pure conjecture” at the time.

In nature, there are several examples of channel perme-
ability being modulated by membrane tension. Here we
present results for hAQP1 expressed in Xenopus oocytes,
where T values of 4.5 = 0.6 mN/m produce a ~50%
decrease of Py (Table 2). In osteoblasts, the tension pre-
dicted to obtain a 50% aperture of mechanosensitive CI™~
channels is ~0.5 mN/m (24). Additionally, our results
show that hAQPI permeability changes occur with small
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volume increments (~3%). A similar behavior was observed
with K™ channels (voltage-gated KCNQ1) coexpressed with
AQP1 in Xenopus oocytes (25). This work shows that under
hypoosmotic conditions, the conductance of KCNQI
increases considerably with even small swelling responses
(<8%).

Several reports have indicated that 7 values depend on the
characteristics of the lipids that compose the membrane and
the amount of associated proteins. It was reported that in
fibroblast cells (NIH3T3), the tensile strength at rupture is
~3.83 = 1.94 mN/m (26). This value is similar to the
~3 mN/m observed in artificial lipid vesicles with more
than one unsaturated double bond (27). However, the
same work demonstrated that with only one unsaturated
double bond, rupture tension rises to ~10 mN/m. In addition,
another report demonstrated that membrane tension in
avidin-coated vesicles is 2-fold higher than in naked vesi-
cles (28).

Considering the differences between mammalian cells
and Xenopus oocytes, and the fact that T values vary with
membrane composition, the value observed for a ~50%
closure of hAQP1 is not so far from values reported for me-
chanosensitive ion channels in mammals. We speculate that
this membrane-tension mechanism would play a protective
role in cells with high Py that are suddenly faced with
high osmotic gradients. This mechanism would protect the
cell under extreme conditions in which other Py regulation
mechanisms would not be fast enough (29).

Does hAQP1 behave as a two-state channel?

The VPM appropriately explains the osmotic response of
EOOs with hAQP1 (a high-water-permeability pathway)
with osmotic gradients of different magnitude. Simulations
predict Py decrements induced by increasing internal
pressure.

Models that consider a variable Py are slowly transform-
ing our perspective on AQP regulation. In this context,
Moshelion and co-workers (30) tested several models to
explain the osmotic response of maize ZmPIP2;5, which
is located in the membrane of the protoplast. The authors
concluded that a positive regulation of ZmPIP2;5 would
be responsible for P, variations. In addition, Ye et al. (31)
proposed a gating mechanism for algae AQP closure based
on experiments in which Py was measured in the presence of
impermeable solutes of different sizes. The authors con-
cluded that these solutes induce a tension decrement in the
water chain inside the single-file region of the AQP pore,
thereby reducing transport rates. To explain their results,
they applied the cohesion/tension mechanism, which is
based on intermolecular forces among water molecules.
The original contribution of our variable Py model is that
it offers a different point of view on AQP regulation: it
proposes a direct effect of membrane tension on Py varia-
tions, and thus dismisses the role of solutes in P, regulation.
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A possible explanation for Py changes could be a con-
formational modification in the selectivity filter of hAQP1
(i.e., the ar/R region, where Arg195 is located), which could
be mediated by membrane-tension changes. In line with this
supposition, recent in silico experiments showed that AQY 1
possesses a gating mechanism that connects inner channel
gating residues with surface residues, which explains how
the surrounding membrane properties may affect the
channel. The same work also reported that the monomeric
permeability coefficient (ps) of hAQPI correlates with
structural changes around the ar/R region of the water
pore, where positional changes in Arg'®> occur in a corre-
lated manner with residues Asn'?’, Phe?!?, 1le?!'!, and
Tip?'° (32).

Variable Py values were also obtained in MD simulations
for the homolog Arg®'® of AQP4 (12). These results
coincided with two clear positions observed by crystal-
lography (33). Another MD simulation suggested an
AQP4-gating mechanism that is induced by changes in
the external electrical field. In this case, the residue in-
volved would be His*"! (34). In contrast to AQP4, different
py values correlating with different Arg'”  positions
were predicted in AQP1 (12). Interestingly, these positions
have been observed by crystallography (35,36). Our results
with hAQP1 are in agreement with studies that have
reported more than two possible states for this channel
(12,35,36).

The nonlinear relationship between J;, and
Aosm can be explained by the VP

The proposed VPM appropriately explains the osmotic
response of EOOs with hAQP1 exposed to different
gradients while maintaining the ionic force. Data obtained
from biological experiments and simulations with gradi-
ents of different magnitude show that a cooperative effect
exists in the transition of hAQP1 from an open to a closed
state.

In a previous publication, our experimental results
showed that the relationship between Jy and Aosm at 10 s
is nonlinear (8). Two possible explanations were proposed.
The first focused on the interaction between water mole-
cules and residues at the NPA filter. This hypothesis was
based on the rationale that this interaction has a limited
rate. The second hypothesis was based on a gating mecha-
nism mediated by membrane tension. The results presented
in this report support the latter hypothesis. However, the
possibility that this mechanism concurs altogether with
interactions between water molecules and residues at the
NPA filter cannot be discarded.

Hill and co-workers (37) proposed an osmosensor model
for AQPs. According to this model, each monomer would
suffer conformational changes gated by membrane-tension
variations induced by volume changes. This conformational
change would involve, in a cooperative manner, from one
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to all four monomers depending on the magnitude of the
osmotic gradient. As a consequence, this mechanism would
trigger intracellular signals to regulate volume changes.
As previously mentioned, EOOs are depleted from their
cytoplasmic content, and thus intracellular signaling mech-
anisms are discarded in our system (8). However, our results
are consistent with a cooperative effect among monomers,
in which the proposed mechanism is gated in a reversible
manner by the direct effect of membrane-tension changes.

By means of AFM, Moller and co-workers (38) gave
the first detailed description of the forces that stabilize the
structure of hAQP1. Their results indicate that each mono-
mer is subjected to its own strong torsion forces but is
also affected by intermolecular forces from adjacent mono-
mers. Based on this evidence, it is possible to hypothesize
that the closure of each hAQP1 monomer would also affect
the others. Low membrane tensions would be associated
with a high proportion of open monomers within the
hAQP1 population, whereas higher tensions would reduce
this proportion.

CONCLUSIONS

In this work we have presented experimental results
combined with model predictions regarding the osmotic
permeability regulation of hAQP1 expressed in Xenopus
oocyte membranes. First, we studied the elastic properties
of oocyte membranes experimentally to obtain a function
between internal pressure and volume in steady-state condi-
tions. We then used the results to design a model in which
osmotic permeability could be tested as a membrane-
tension-dependent variable. Finally, we contrasted this
model with osmotic experiments involving biological mem-
branes overexpressing hAQP1. Because 1), the P; — V; rela-
tionship used to create the VP/M was measured in stepwise
conditions; and 2), this model predicts volume changes and
permeability coefficients of osmotic responses that closely
fit experimental determinations, the VP/M is shown to be
robust. Predicted P; changes indicate the transition of the
hAQP1 water channel from a state of high water perme-
ability to a closed state during swelling. Contrasting the
model with experiments under consecutive hypo- and
hyperosmotic conditions shows that this response is revers-
ible. We conclude that hAQP1 is a constitutively open
channel that closes with increments of membrane tension,
showing a cooperative effect among monomers, and that
this behavior is reversible.

Of interest, the membrane-tension values that trigger
the closure of hAQP1 are comparable to those reported for
the gating of other channels. This would indicate that
membrane-gated channels involved in the transport of ions
or water respond to similar values of 7 and its related vari-
ables, P; and V.

Finally, the membrane-tension mechanism proposed in
this work for closure of hAQP1 could be a rapid and impor-
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tant process for regulating water movement in cells with
hAQP1. This phenomenon is crucial because all other
known mechanisms related to volume regulation depend
on intracellular signaling or cellular activity and thus are
not able to modify membrane water permeability as quickly.
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