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Black lipid bilayers, a general model system for biomembranes were studied for diffusion rates of small
molecules such as water or CO2 using advanced analysis techniques and cell free synthesized proteins. We
provide evidence that by simple insertion of proteins or sterols the diffusion rates of water or those of CO2
decrease. Insertion of cell free synthesized water permeable aquaporins restored water diffusion rates as well
as insertion of CO2-facilitating aquaporins the CO2 diffusion. Insertion of water or CO2 impermeable
proteins decreased the respective diffusion rates. Therefore, for normal high cellular CO2 diffusion rates
specific aquaporins are mandatory.

C
ells of all living organisms are separated from each other and their environment through lipid bilayer
biomembranes. These create distinct zones for cell-specific activities. To explain cellular function and
interaction with the environment, it is important to understand biomembrane characteristics. Due to the

anticipated resemblance to natural membranes, the biophysical and biochemical characteristics of lipid bilayers
formed from isolated purified compounds serve as a model system for experiments designed to test assumptions
about functional and biophysical characteristics of biomembranes.

However, cell membranes do not completely resemble lipid bilayers1. Biomembranes are supplemented with
integral and associated proteins as well as non-protein molecules, such as sterols2. According to the current
general view, additional molecules (i.e., channel or pore proteins) do not restrain membrane-diffusion of small
molecules because there is enough remaining bilayer surface even if the membrane area contains abundant
amounts of protein3. Regarding sterols as biomembrane components, previous studies indicated that they
decreased water permeability of lipid bilayer4,5. For the diffusion of CO2, only few studies reported on the
influence of sterols. Due to technical restrictions of the experiments, these results are still under debate6,7. To
our knowledge, the effect of proteins or a combination of proteins and sterols on membrane permeability of small
molecules such as water or CO2 has not been reported to date.

Because the lipid bilayer model is so well established, we also chose it to study transport processes of water and
CO2. It is generally accepted that biomembranes are permeable to these small molecules because theoretical
models predict that diffusion of small lipophilic molecules like CO2 are not rate-limited by the lipid bilayer8.
However, it is also known that the transport of water, which has a high diffusion rate, can be further improved by
the presence of aquaporins.

In order to collect data to compare the lipid bilayer model with biomembranes, we studied lipid bilayer
membranes in the presence and absence of sterols or membrane proteins. We added purified aquaporin proteins
from cell-free synthesis. In this way, aquaporin function in the lipid bilayer under investigation could be studied
without unwanted side effects from membrane contamination of cellular systems.

Results
Influence of sterols and proteins on water permeability of lipid bilayer membranes. Water permeability of the
membrane lipid bilayer was determined via volume change of liposomes. Liposomes of large unilamellar vesicles
were subjected to hyperosmotic conditions, in which the change of volume causes a change in scattered light
signal intensity, which was recorded via a stopped-flow spectrophotometer. Two aquaporins, NtAQP1 and
NtPIP2;1, were integrated into liposomes, and their influences on water permeability were measured. Fitted
light-scattering curves are shown in Figure 1C. In a previous study, NtAQP1 was demonstrated to be a non-water-
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permeable aquaporin9. When inserted into a soybean L-a-
phosphatidylcholine (PC)-liposome, the water permeability was
reduced to 25%. In contrast, NtPIP2;1, characterized as a water
channel aquaporin9, increased the water permeability of a PC-
liposome three fold. The PC was mixed with cholesterol (Chol)
and stigmasterol (Stig) to prepare liposomes for forming a mixed
lipid bilayer. Light-scattering data were measured in a stopped-flow
spectrophotometer. Fitted curves are shown in Figure 1A. Addition
of sterols, such as Chol or Stig, reduced water permeability (see
Figure 1B and Table S1). In the case of a high molar percentage of
Chol (50%), the water permeability was reduced from 48.39 mm/s to
0.79 mm/s, corresponding to a reduction of about 60 fold. However,
the effect of Stig (25%) was not as pronounced as that of Chol, which
reduced the water permeability to about 21%. In addition, PC:Chol-
proteoliposomes with NtPIP2;1 inserted recovered the water
permeability by a factor of about 10 compared to empty PC:Chol-
liposomes. Nevertheless, the water permeability was still low in
comparison to empty PC-liposomes (See Table S1).

Cholesterol altered lipid bilayer water permeability. Results from
Figure 1 indicate that Chol had a significant effect on the water
permeability of the lipid bilayer. To elucidate the Chol concen-
tration effect, an experiment was performed with liposomes that

had different molar percentages of Chol in PC. Fitted curves of
light scattering are presented in Figure 2A; calculated Pf values are
summarized in Figure 2B and Table S2. Results from the calculated
water permeability showed a negative correlation with the molar
concentration of Chol. Using up to 20% Chol, the water
permeability declined by about 50%. However, the effect of Chol
on water permeability reduction became more distinct when the
concentration was greater than 30%. When Chol concentrations
reached 50%, which is in a 151 molar ratio to PC, the water
permeability decreased to 1.5% of the original water permeability
(See Table S2 for summary of Pf calculation).

Influence of proteins and sterols on the CO2 permeability of lipid
bilayer membranes. Carbon dioxide flux across the lipid bilayer was
measured by applying a micro-pH electrode that continuously
recorded voltage while moving toward the lipid bilayer. Its
movement was controlled by a micromanipulator. Voltage data
was converted to pH values using the calibration function. All pH
values for a single measurement were used for plotting curves. The
average of 3–5 independent measurements for each type of sample
are given in Figures 3A–C. Analogous to the water permeability
experiments, two sterols, Chol and Stig, and two different
aquaporins, NtAQP1 and NtPIP2;1, were used to study the effects

Figure 1 | Comparison of the water permeability of lipid vesicles with aquaporins and/or sterols. Liposomes and proteo-liposomes were measured by

stopped-flow light scattering at 10uC. A 200-mM osmotic gradient was generated by rapidly mixing a vesicle suspension in assay buffer with equal volume

of assay buffer plus 400 mM sucrose. An average of 7–12 independent experiments was performed for each sample. The single exponential function was

used to fit the light scattering data. (A), average of the fitted curves of the light scattering from empty liposome prepared with PC:Stig (25% molar

percentage Stig mixed with PC), PC:Chol (50% molar percentage Chol), and proteo-liposome of NtPIP2;1 integrated into a PC:Chol-liposome.

(B), calculated water permeability coefficient Pf (mean 6 S.D) of samples from A. (C), average of the fitted curves of the light scattering signal from

proteo-liposomes with NtAQP1 or NtPIP2;1 integrated into a PC-liposome. (D), calculated water permeability coefficient Pf (mean 6 S.D) of samples

from (C). See Table S1 for detailed calcuations. Significant test of two samples was determined by two-tailed student’s t-test, ** right above each column

means P , 0.0001 if compared to PC.
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of proteins and sterols on the CO2 permeability of the membrane
lipid bilayer. The CO2 flux across the membrane lipid bilayer with a
diameter 150–200 mm formed in Teflon foil is described by JM,CO2.
Within the distance of 50 mm, a linear fit of the pH as a function of
distance from the membrane was used to characterize the change of
pH. The slope of the fitted curve was used to calculate JM,CO2, using
equation [6] as depicted in the materials and methods section. As
shown in Figure 3D, the insertion of the CO2 impermeable
aquaporin NtPIP2;1 decreased the JM,CO2 to about 50% compared
to PC, while insertion of the CO2-permeable aquaporin NtAQP1 did
not increase or decrease JM,CO2 of the PC lipid bilayer. Amounts of
25% Stig and 67% Chol, which were the highest possible molar
percentages where lipid bilayers could be formed, were used, and
they reduced the CO2 flux (JM,CO2) to about 50% and 85%,
respectively, compared to that of the PC lipid bilayer (Figure 3D).
In the case where both sterols and proteins were inserted into the PC
lipid bilayer, NtAQP1 restored the CO2 flux of the PC:Stig lipid
bilayer to the level of the pure PC lipid bilayer, while insertion of
NtPIP2;1 did not further reduce the CO2 flux of PC:Stig lipid
bilayers.

Cholesterol content altered the CO2 flux across the membrane
lipid bilayers. The Chol was blended with PC to different molar
percentages, ranging from 0–67%. A planar membrane was formed
with the corresponding lipid mixture. The CO2 flux across the
membrane was then measured using the micro-pH electrode. The
profile of pH change caused by the CO2 diffusion across the
membrane is shown in Figure 4A. The calculated JM,CO2 is shown
in Figure 4B. The reduction of CO2 flux decreased linearly with the
increase in molar percentage of Chol.

Discussion
The fluid mosaic model proposed by Singer and Nicolson3 provided a
basis for the study of membrane structure and dynamics. It is com-
posed of the idea that lipids form a randomly organized fluid, which
is a flat, bi-dimensional matrix with membrane proteins inserted.
The fact that biological membranes contain a variety of different
lipids (i.e., phospholipids, sphingolipids, and sterols) as well as large
amounts of different membrane proteins (i.e., channel proteins,
transporters, signaling proteins, etc.) extends the Singer-Nicolson
concept. It was accepted that Chol increases the rigidity of a lipid
bilayer9. With respect to water permeability, Finkelstein and Cass
described reduced water diffusion rates of thin lipid membranes
prepared with phospholipids in 19674. Several other studies also
demonstrated reduced water permeability of the lipid bilayer10,11 in
the presence of Chol. In this study, we could confirm the influence of
sterols, especially in the case of Chol, on the water permeability of
lipid bilayers represented by liposomes. In addition to sterols, we
employed two aquaporins (NtAQP1 and NtPIP2;1) with different
functions to study the influence of these membrane proteins on
the permeability of lipid bilayers, the former operating as a CO2

channel and the latter functioning as a water channel9,12 in biological
systems. Because we have employed pure proteins from a cell-free
transcription/translation system, any regulation from a cellular sys-
tem or activity from components remaining from protein isolation
(i.e., other membrane proteins) were very unlikely.

Insertion of the cell-free-synthesized water channel NtPIP2;1
showed increased water permeability in liposomes consisting of PC
or a mixture of PC and Chol. Although a nearly 10-fold increase in
water permeability was observed with the insertion of NtPIP2;1 into
the PC;Chol liposome, the water permeability was still relatively low
compared to that of the PC liposome. This could indicate the influ-
ence of Chol on the function of NtPIP2;1 through lipid-protein inter-
actions, which corresponds to the conclusion of Tong et al.13, who
claimed that the activity of AQP0 depends on the lipid bilayer envir-
onment of the protein. Insertion of the water-impermeable aqua-
porin NtAQP1 slightly decreased the water permeability. This
supports the notion that merely the simple insertion or presence of
water impermeable membrane proteins could decrease membrane
water diffusion.

Unlike water, CO2, as a lipophilic gas molecule, was thought to be
highly permeable to biological membranes due to its high solubility
in lipids. With the finding of CO2-tight membranes, such as the
apical membranes of epithelial cells14, and CO2-permeable channel
proteins12,15,16, the classical concept of a highly CO2-permeable bio-
logical membrane was challenged. Similar to the experiments
designed to study water permeability, we included sterols or sterols
together with aquaporins to investigate their influence on the CO2

flux across the lipid bilayer. To determine CO2 diffusion, we applied a
two-chamber system described by Missner et al.17 and adapted it as
described. Using this technique, the bottleneck for measuring fast
kinetics of the CO2 flux across membranes was circumvented.
During a relatively long time period, the CO2 concentration gradient
from one chamber to the other was constant and not limited by CO2

availability. Thus, the system was time-independent and capable of
precisely measuring very high diffusion rates, as those theoretically
expected for CO2. Sterols, such as Stig or Chol, showed similar effects
on reducing CO2 flux across the membrane, which resemble the
effects on water diffusion. Up to 67% Chol reduced the CO2 flux to
only 15% of the original permeability of the PC lipid bilayer.
Experiments with a similar intention were performed by Itel et al.
using mass spectrometry to determine CO2 diffusion and a reduction
by more than 100 fold was observed6. Because the detection principle
of the pH electrode applied herein is completely different to the
experimental design used by Itel et al., we could explain quantitative
differences. As outlined above, measurement in a two-chamber sys-
tem is independent of time over a relatively large measurement

Figure 2 | Effect of Chol concentration on the water permeability of the
lipid bilayer. (A), average of the fitted curves of 8–10 independent

measurements. (B), calculated Pf (mean 6 SD) value of water permeability

of corresponding samples. Letters a, b, c, d are significantly different from

each other (P , 0.0001), determined by two-tailed student’s t-test. See

Table S2 for detailed numbers of calculations.
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period. Therefore, questions concerning technical restrictions that
were raised for other reports7 can be ruled out. Insertion of the almost
CO2-impermeable aquaporin NtPIP2;1 reduced the permeability of
the PC lipid bilayer by 50%, which could indicate that any CO2-
impermeable protein would have this effect. Insertion of the CO2-
permeable aquaporin NtAQP1 did not increase the CO2 flux of the
PC lipid bilayer but also did not decrease it like NtPIP2;1. This con-
firms theoretical considerations suggesting that CO2 diffusion
through pure lipid bilayers is so high that CO2 pores, such as
NtAQP1, could not increase it further. But these proteins also did
not decrease CO2 diffusion rates.

The CO2 flux rate was significantly reduced by sterols as well as
non-CO2-conducting aquaporins, such as NtPIP2;1. No cumulative
effect of CO2-flux reduction was observed when we introduced both
Stig and NtPIP2;1 together. In case of Stig, restoration of CO2 dif-
fusion rates were observed with insertion of NtAQP1. Since the
majority of biological membranes contain proteins and sterols with
varying concentrations, the experimental conditions described in
this study were closer to conditions in biological membranes than
pure black lipid bilayers.

Sterols can reach up to 50% in plasma membranes of eukaryotic
cells18, and even higher local concentrations might exist in lipid
rafts19. In addition, large amounts of membrane proteins could be
present in biological membranes. Their weight per membrane area
could be as high as that of lipids. Under these circumstances, not only
is a protein that facilitates the diffusion of water required for efficient
cell metabolism, but also one that facilitates CO2 diffusion is
indispensable.

In conclusion, sterols and non-permeable membrane proteins
tend to decrease both water and CO2 permeability of a lipid bilayer.

Channel proteins for water and CO2 are mandatory for a high per-
meability of many biological membranes.

Methods
Expression plasmid construction. The cDNA encoding NtAQP1 (accession no.
AJ001416) and NtPIP2;1 (accession no. AF440272) from Nicotiana tabacum was
cloned into the cell-free expression vector pET21a (Merck Bioscience, Darmstadt,
Germany) using the constructs previously generated in our lab as templates9. The
sequence of the primers were as follows:

NtAQP1: AAAAGAATTCATGGCAGAAAACAAAGAAGAAG,
AAAACTCGAGAGACGACTTGTGGAATGG
NtPIP2;1: AAAAGAATTCATGTCAAAGGACGTGATTG,
AAAACTCGAGGTTGGTTGGGTTACTGC
Two restriction sites, EcoRI and XhoI (shown in bold), were used for insertion into

the pET21a vector. A poly(His)6-tag from the vector is expressed together with the
native protein for both NtAQP1 and NtPIP2;1.

Protein production. An Escherichia coli based cell-free expression system was used
for protein expression, as described previously20. The following modifications were
made: D-CF (cell-free in presence of detergent) mode expression had a final
concentration of 1% (w/v) BrijH S20 detergent(Sigma-Aldrich, Taufkirchen,
Germany). When the protein was expressed with liposomes, 6 mg/mL final
concentration in the reaction mixture was used. A 25-mM amino acid mixture was
used to provide enough volume for liposomes. See Supplemental Methods for details
and Figure S1 of purification of NtAQP1 and NtPIP2;1.

Liposome preparation. L-a-Phosphatidylcholine from soybean and Chol were
purchased from Sigma-Aldrich (Taufkirchen, Germany). Lipid mixtures solubilized
in chloroform were first transferred to a round-bottom flask. A thin lipid film was
formed by rotary evaporation under controlled vacuum. The flask was then placed in
a vacuum chamber overnight. The lipids were reconstituted in 1 mL of assay buffer
(50 mM HEPES-KOH, pH 7.5, 50 mM NaCl) to a final concentration of 40 mg/mL
by vortexing for 15 min to form multilamellar vesicles. The multilamellar vesicle
solution was passed at least 21 times through an Avanti Polar Lipids (Alabaster,
Alabama, USA) mini extruder holding a 200-nm Whatman polycarbonate
membrane filter (Florham Park, NJ) sandwiched with two filter supports on each side.

Figure 3 | Comparison of CO2 fluxes across the lipid bilayer. (A–C), pH profiles in response to CO2 flux across corresponding lipid bilayers (average of

3–6 curves are shown for each sample) PC:Stig (25% molar percentage Stig mixed with PC) and PC:Chol (67% molar percentage Chol mixed with PC).

(D), calculated CO2 flux across corresponding lipid bilayers from the slope of the pH curve within 50 mm distance from the formed membrane. The

JM,CO2 values are given as means 6 SD (n 5 3–6). Letters a, b, and c are significantly different from each other (P , 0.05), as determined by a two-tailed

student’s t-test.
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The resulting unilamellar liposome solution was used for expression or water
permeability experiments. See the website of Avanti Polar Lipids for more details.

Sample preparation for water permeability. For water permeability measurements,
liposomes were directly added to the mixture with a final concentration around 6 mg/
mL. After overnight expression, the reaction mixture was centrifuged at 16,000 g for
30 min. The supernatant was removed, and the pellet was washed three times with an
assay buffer. The pellet was then re-suspended with the assay buffer containing
TritonX-100 (4-(1,1,3,3-Tetramethylbutyl)phenyl-polyethylene glycol). The
suspension was incubated at 30uC with shaking for 2 h. After incubation, the
suspension was centrifuged at 16,000 g for 30 min. The supernatant was collected,
and bio-beads were added to remove the TritonX-100 to reform the proteo-liposome.
The mixture containing bio-beads was incubated at room temperature overnight with
gentle shaking. The bio-beads were subsequently removed, and the resulting solution
was centrifuged at 500,000 g for 30 min to collect the proteo-liposomes. The proteo-
liposome pellet was washed twice with the assay buffer and finally re-suspended in
assay buffer with a final liposome concentration of 1 mg/mL. See Supplemental
Methods for more details and Figure S2 for protein insertion verification into
liposomes.

Water permeability measurements. The water permeability of small, unilamellar
liposomes or proteo-liposomes was measured as previously described20. In brief,
liposomes or proteo-liposomes were measured at 436 nm in a stopped-flow
spectrophotometer (SFM 300, Bio-Logic SAS, Claix, France). Sample
suspensions were quickly mixed with equal volumes of a hyperosmotic solution
(assay buffer with 400 mM sucrose). Data obtained from the spectrophotometer
was fitted into an exponential rise equation; the initial shrinkage rate (k) was
determined by the fitted curve of 6–10 measurements. The water permeability
factor (Pf) of the vesicle samples was calculated using the equation described
previously20,21:

Pf ~
k

(S=Vo)|Vw|Dosm
ð1Þ

where S/V0 is the vesicle’s initial surface-to-volume ratio, Vw is the partial molar
volume of water (18 cm3/mol), and Dosmis the osmotic driving force. The S/V0

was calculated by determining the diameters of the proteo-liposomes using
dynamic light scattering (ZetaPlus particle sizing software 2.27). The Dosmwas
200 mM in this case.

CO2 permeability measurements. The basic setup to measure CO2 permeability of a
lipid bilayer was designed according to Missner et al.17 and further modified by
Uehlein et al.22. A scanning pH-sensitive microelectrode, controlled by an IVM-300
electrical micromanipulator (Scientifica, Reutlingen, Germany) with an accuracy of
60.1 mm, was used to detect the change of pH in solution. The travelling speed of the
micromanipulator was controlled via LinLab software provided with the
micromanipulator. A two-channel FD223a electrometer (World Precision
Instruments, Berlin, Germany) was used to record the voltage signals of the scanning
pH electrode. In order to improve the signal-to-noise ratio, an eight-pole BESSEL
filter (LHBF-48x [2.1, built 2013], NPI Electronic GmbH, Tamm, Germany) was
used. The filtered and amplified signals were recorded by an A/D converter box (USB-
6008, National Instruments, Austin [Texas], USA) and analyzed using LabView
Signal Express 3.0. See Supplemental Experimental Procedure for micro-pH electrode
preparation.

A small hole with a diameter around 150–200 mm was made in Teflon foil by spark
induction. The Teflon foil was then fixed between the two chambers sealed with
silicon in order to separate the solutions of the two chambers. The only open channel
was the 150–200 mm hole in the Teflon ring22. The lipid bilayer was made by the
painting method. Successful membrane formation was verified via microscope and
resistance measurements. The aquaporin-containing membrane was prepared as
described previously: 6 mg lipids or lipid mixture were dissolved in 100 mL n-decane
and mixed with an aquaporin fraction (80 mm) at 4uC for 2 h. The mixture was then
centrifuged at 16,000 g for 30 min. The upper decane phase was then used for
membrane painting.

Analysis of CO2 flux across the lipid bilayer. According to Fick’s first law:

J~{D
Lw

Lx
ð2Þ

In this application, we checked the CO2 flux across the membrane formed in the
middle of the two-chamber system.

Via the activity of carbonic anhydrase, CO2 molecules were converted instantly
into H2CO3 when they passed through the membrane. Newly formed H2CO3 is a
protonated water molecule, resulting in a change of pH.

CO2zH2O
CA

HzzHCO{
3 ð3Þ

Since the [H1] is equal to the [CO2], the change of CO2 can be replaced by change of
[H1]. Therefore:

JM,CO2 ~{DCO2
: L½CO2 �

Lx
~{DCO2

: L½Hz �
Lx

ð4Þ

in a buffer solution:

L½Hz �~b:LpH ð5Þ

where b is the buffer capacity.
Then,

JM,CO2 ~DCO2
: b
:LpH

Lx
~DCO2

:b:
LpH

Lx
ð6Þ

where the capacity can be calculated via:

b~2:303: ½Hz�z CAKa½Hz�
(Kaz½Hz�)2 z½OH{�

� �
ð7Þ

The DCO2 was 5.1 3 10210 m2/s at 25uC and Ka for NaHCO3 was 6.1. The change of
pH as a function of distance away from the membrane was determined via a micro-
pH electrode controlled by a micromanipulator, as described previously.
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