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Abstract

Background/Aims: Across the mitochondrial membrane an exceptionally intense exchange of
O, and CO, occurs. We have asked, 1) whether the CO, permeability, PM,COz’ of this membrane is
also exceptionally high, and 2) whether the mitochondrial membrane is sufficiently permeable
to HCO," to make passage of this ion an alternative pathway for exit of metabolically produced
CO,. Methods: The two permeabilities were measured using the previously published mass
spectrometric O exchange technique to study suspensions of mitochondria freshly isolated
from rat livers. The mitochondria were functionally and morphologically in excellent condition.
Results: The intramitochondrial CA activity was exclusively localized in the matrix. P, ., of the
inner mitochondrial membrane was 0.33 (SD + 0.03) cm/s, which is the highest value reported
for any biological membrane, even two times higher than P, ., of the red cell membrane.
P\iicos. Was 2-10 (SD + 2-10°) cm/s and thus extremely low, almost 3 orders of magnitude
lowerthanP,,, .. of the red cell membrane. Conclusion: The inner mitochondrial membrane is
almost impermeable to HCO, but extremely permeable to CO,. Since gas channels are absent,
this membrane constitutes a unique example of a membrane of very high gas permeability

due to its extremely low content of cholesterol.
© 2016 The Author(s)
Published by S. Karger AG, Basel

Introduction

Mitochondria, the organelles responsible for cellular respiration, convert O,, ADP and
energy substrates into ATP, CO, and water. Their O, consumption together with their - about
identical - CO, production requires that both gases meet no major diffusion resistance
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when passing through the mitochondrial membrane from/into the mitochondrial matrix.
While the O, permeability of the mitochondrial membrane has not been accessible to direct
determination, Elder and Lehninger [1] and Balboni and Lehninger [2] have presented
qualitative evidence indicating that the inner mitochondrial membrane is permeable to CO,
but not to HCO,. In view of the extremely high rate of CO, production per mitochondrial
volume, one must postulate then that the mitochondrial membrane possesses an unusually
high permeability for CO,. We ask here whether and by which mechanism the mitochondrial
membrane does indeed achieve a high permeability to CO,. This question arises, because
several biological membranes have been reported to possess low CO, permeabilities (0.017
cm/s for the cell lines MDCK and tsA201, or even 0.0015 cm/s for the apical membrane of
colonic epithelium [3, 4]). Others, such as the red blood cell membrane, on the other hand
possess a much higher CO, permeability of 0.15 cm/s [5, 6].

For methodological reasons, it has so far not been possible to determine the permeability
of the mitochondrial membrane for CO, quantitatively. Only more recently, the mass
spectrometric ®0 exchange technique developed in our lab [4] has made it feasible to tackle
this problem. This method is suitable to determine P, . ,,and P, ... not only of cells but also
of vesicles and organelles [3, 7]. Thus, we determine here the CO, permeability along with
the bicarbonate permeability of the mitochondrial membrane.

We wanted to answer two questions: 1) Does the mitochondrial membrane indeed
possess a very high CO, permeability as expected from its exceptionally high rate of CO,
exchange? 2) If the CO, permeability does turn out to be very high, what is the mechanistic
basis for this property in view of other less permeable biological membranes? 3) Does the
bicarbonate permeability of the mitochondrial membrane allow a significant permeation of
HCO,;, as an alternative pathway to CO,? This latter question is still controversial, as Vincent
and Silverman [8] have reported a high HCO,” permeability, similar to that of the human red
blood cell membrane, while Dodgson et al. [9] find a value at least two orders of magnitude
lower than found in red cells.

Materials and Methods

Solutions

Homogenization medium (HM buffer). 0.32 M Sucrose, 1 mM EDTA and 10 mM Tris-HCl and pH adjusted
to 7.4.

0, and CO, Buffers. The “0, buffer” (for measurement of mitochondrial O, consumption) consists of
125 mM KCl, 20 mM MOPS, 5 mM KH,PO, and 1 mM MgCl,. The “CO, buffer” (for the measurement of '°0
exchange) consists of the same components as the O, buffer, but has 25 mM KCl less [10]. Both buffers were
filtered through a Millipore filter with pore size 0.2 pm.

Lysate Buffer. 60 mM NaCl, 20 mM Hepes, 23.7 mM HSO, and pH adjusted to 7.4.

Isolation of Mitochondria

All experiments were performed using male Lewis rats between 250 and 300 g of body weight
with permission of the local authorities for animal experimentation. Animals were anesthetized with
carbon dioxide and killed by cervical dislocation. The liver was removed within 5 minutes, washed with
ice cold homogenization medium, cut into pieces and homogenized with a Potter-Elvehjem homogenizer.
Homogenization and centrifugation steps were performed as described by Fernandez-Vizarraetal. [11, 12].

An initial centrifugation step was performed at 1000 g for 5 min at 4°C and supernatant was taken and
aliquots transferred into several 1.5 ml Eppendorf tubes. These samples were then centrifuged at 15,000 g
for 2 min at 4°C, supernatant was discarded and the pellets of 2 tubes were combined and resuspended in
HM buffer. This process was repeated until there was only one tube containing the entire sample. This tube
was centrifuged once more, the supernatant was discarded and the pellet was resuspended in O, buffer to
be used for further experiments.
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Characterization of the mitochondrial samples

Protein content. The final mitochondrial pellet was resuspended in O, buffer to a volume of 1000 pl.
10 pl of this suspension were taken for determination of protein content using the Total Protein Kit, Micro
Lowry, Peterson’s Modification, from Sigma (Sigma-Aldrich, Taufkirchen, Germany). Two determinations of
protein content were performed for each sample.

Parameters. We used the protein concentrations of the mitochondrial suspensions to derive
mitochondrial matrix volume and inner membrane surface area form the data published by Schwerzmann
et al. [13], using their numbers of 1.6 pl/mg protein for matrix volume and 521 cm?/mg protein for inner
membrane surface area. The protein concentration of the suspensions was also used to determine the
number of mitochondria per volume, using the figure 8.7-10° mitochondria per mg of mitochondrial protein
[13].

Electron microscopy. The final mitochondrial pellet was resuspended in a 10-fold volume of fixation
buffer (150 mM HEPES, pH 7.35, containing 1.5 % formaldehyde and 1.5 % glutaraldehyde) at RT. Fixation
was 30 min at RT and overnight at 4°C. Mitochondria were postfixed in 1% osmium tetroxide 2 h at RT and
4% uranyl acetate at 4°C overnight. After dehydration in acetone, samples were embedded in EPON. 50 nm
thick sections were poststained with 4% uranyl acetate and lead citrate [14] and observed in a Morgagni
TEM (FEI), operated in the bright field mode. Images were recorded at 80 kV using a 2K side mounted Veleta
CCD camera, binned to 1K.

Dynamic Light scattering (DLS). DLS studies were performed using a Viscotek 802 instrument
(Viscotek Corporation) equipped with a single mode fiber optics and a 50 mW diode laser (A = 832 nm) at
20°C. The mitochondrial preparation was diluted 1000-fold in O, buffer containing 0.1 %w/v BSA. Prior to
dilution the 0, buffer was filtered through a syringe filter (Minisart®) with a pore size of 0.2 um (Sartorius,
Germany). Polystyrene beads of 1 pm diameter (Molecular probes) and a concentration of 1 x 107 beads per
ml were used as a control. The purity of the mitochondrial suspension was estimated from the area of the
mitochondrial peak fraction relative to the total area of all peak fractions including that of the contaminants.

Mass spectrometric assays

A chamber with a volume of 2.2 ml was used that was attached to the high vacuum of the mass
spectrometer via the previously published inlet system [4]. This chamber had a water-jacket that kept the
solutions at 37°C, and contained a stirrer that mixed the content continuously. The pH was adjusted to 7.4
and monitored during the whole procedure with a pH electrode. 50 pl of mitochondrial suspension was used
in each experiment.

Oxygen consumption. O, consumption of mitochondrial suspensions was measured by monitoring
over time the concentration of physically dissolved O, in the fluid of the mitochondrial suspension in the
mass spectrometer’s chamber. The 0, signal produced by the mass spectrometer was proportional to the O,
concentration in the sample. Initially, the sample was equilibrated with air. After the chamber was closed, a
decline of O, concentration in the sample occurred due to mitochondrial respiration and was recorded via
the mass spectrometer. The slopes of the recordings represent the O, consumption VOZ. Each measurement
consisted of the following phases, as seen in Fig. 1: (1) Voz of the suitably diluted native mitochondrial

Fig. 1. Original mass spectrometric recording of an
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suspension, (2) T;'_’DZ after addition of glutamate and malate to give final concentrations of 5 and 1 mM,
respectively, (3) Voz after addition of ADP at a final concentration of 0.3 mM (giving state III respiration),
4) Voz after the added ADP has been consumed (giving state IV respiration). Specific VOZ values and the
respiratory control ratio (RCR = slope of state III / slope of state IV) allowed us to assess the functional
integrity of the mitochondria [10].

Estimation of CO, permeability. The mass spectrometric chamber was filled with isotonic “CO, buffer”
that contained 25 mM '*0-labelled HCO, as described before [4]. The pH was adjusted to 7.40 at 37°C. The
mass spectrometer followed the concentration of C*¥0'°0 in the chamber fluid. Due to the exchanges of ¥0
with water, the C'®0'°0 concentration declined over time. After addition of the mitochondrial sample into
the chamber, this decline was accelerated, yielding a first fast phase followed by a second slower phase, as is
seen in Fig. 4. The acceleration was due to the exchange of '*0 between the pools of CO, and water inside the
mitochondria, which was sped up by intramitochondrial carbonic anhydrase (CA). After the second phase of
C'80'°0 decline had been recorded for a sufficiently long time, a high concentration of CA was added to the
chamber to establish final isotopic equilibrium (see Fig. 4). The two phases after addition of mitochondria
seen in Fig. 4 were used to derive the CO, permeability (P, .,,) of the mitochondrial membrane in the
manner described previously [4].

Inhibitorsusedin several experiments were: extracellular carbonicanhydrase inhibitor 2,4,6-trimethyl-
1-(4-sulfamoyl-phenyl)-pyridinium perchlorate salt (FC5-208A; [15]) in a final concentration of 2.5:10° M,
and the inhibitor of the gas channels aquaporin-1 and RhAG 4.4’-Diisothiocyanato-2.2"-stilbenedisulfonate
(DIDS) in a final concentration of 1.0x10* M [16, 6]. Mitochondrial samples were preincubated with
inhibitor(s) for 5 min.

Determination of intramitochondrial carbonic anhydrase activity. Mitochondria were kept frozen
overnightand thawed the next day. 1 pl of Triton 10% was added to each 100 pl of mitochondrial suspension.
22 pl of the same Triton solution were also added into the measuring chamber of the mass spectrometer
containing “lysate buffer” with 25 mM labelled bicarbonate. The experiment was then terminated by the
addition of excess CA to establish final isotopic equilibrium. This record was analyzed to obtain the carbonic
anhydrase activity and then related to the mitochondrial volume estimated for each sample to obtain the
activity inside the mitochondrium. CA activity A was defined as acceleration factor (A+1) of the uncatalysed
hydration velocity minus 1. In other words, the total rate of CO, hydration v, is given by k. ,-(A+1)-[CO,],
where k. is the uncatalysed rate constant of CO, hydration, and [CO,] is the concentration of dissolved CO,.

Statistical Analysis

Data are presented as means and * SD. For comparisons between more than 2 groups with one
independent variable, we used one way ANOVA. Dunnett’s post-test was used to allow comparisons with
the control group.

Results

Characterization of the mitochondrial preparations

We worked with mitochondrial suspensions containing 32 (SD # 4; n = 8) mg protein/
ml. The oxygen consumption (state III) was 97 (SD + 38; n = 28) nmol O,/min/mg protein
and the RCR was around 10 (SD # 5; n = 8). State three respiration rates and RCR values
were in the range of literature values for liver mitochondria [10, 13, 17, 18]. In transmission
electron microscopy, the mitochondria appeared morphologically intact and little other
material was seen (Fig. 2). The average shortest diameter of the mitochondrial profiles
obtained by electron microscopy was 0.73 (SD + 0.11, n=18) pm (the average longest
diameter was 0.89 (SD # 0.13) um). In addition, we determined the size of the mitochondria
by DLS. Fig. 3B shows a measurement of a preparation yielding an average radius of 0.44
(SD +0.12) um (Fig. 3B). Averaging the radii from several DLS measurements using different
dilutions of the mitochondrial suspension and various scanning rates of acquisition gave a
final diameter of 0.98 (SD #+ 0.18, n = 12) um. The short diameter of 0.73 um from electron
microscopy is in excellent agreement with the value given by Schwerzmann et al. [13], and all
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Fig. 2. Electron microscopic image of isolated mi-
tochondria. Their shape and structure are well pre-
served, and only moderate contamination with other
membranes or other cellular components is found.
Complete bar = 2um.

diameters mentioned are in the range given
in the literature [19]. In addition to the
overall radius, the DLS measurement allows
us by quantification of the areas of the DLS
peaks to give an estimate of the purity of the
sample. This value was approximately 70%,
a figure compatible with the degree of purity
seen in the electron micrograph of Fig. 2.
This is considered a very satisfactory degree
of purity.

Determinations of mitochondrial CO, and

HCO, permeability

Among  the measurements of
180-exchange in mitochondrial suspensions
(Fig. 4), we performed 32 experiments with
control conditions, and 12 with each of the
inhibitors, FC5-208A and DIDS, respectively.
The CO, permeability values obtained from
the fitting procedure [4] were either between
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Fig. 3. DLS experiments of radii distribution and
relative abundance of particles. (A) Size distribu-
tion histogram of polystyrene beads reveal a mean
average radius of 0.47 + 0.11 pm, which agrees well
with the manufacturer's specification when taking
the uncertainty of the DLS derived intensity size dis-
tribution of approximately 10 to 15% into account.
(B) Representative size distribution histogram of a
mitochondrial preparation. The mean average radius
of the mitochondria is 0.44 + 0.12 pm (main peak
distribution). Low and high molecular weight con-
taminations of the mitochondrial preparation with
proteins and other cellular components are shown
as distributions of the minor peaks. The error cor-
responds to the half-width of the peak size. The rela-
tive purity of the mitochondrial preparation is found
to be approximately 70%.

0.3 and 0.4 cm/s, or they were > 400 cm/s and did not reach convergence. This shows that
a) the permeability of the mitochondrial membrane is > 0.3 cm/s, b) it may be even higher
than 0.4 cm/s, but this cannot be demonstrated because the method becomes insensitive to
P, co, @bove ~ 0.4 cm/s. In the case of control measurements of mitochondria in the absence
of inhibitors, 8 out of 32 measurements did not converge and P, ., in these 8 measurements
thus appeared to be > 0.4 cm/s. In the presence of the extracellular CA inhibitor FC5-208A 2
out of 12 measurements did not converge, and in the case of experiments in the presence of
DIDS 7 out of 12 measurements did not converge. The results shown in Fig. 5 are based on
the P values obtained up to a value of about 0.4 cm/s. So, in most cases, the calculated

M,C02

P, .o, values range between 0.3 and 0.4 cm/s. Thus, at least in the control experiments and

those in the presence of FC5-208A, the means given in Fig. 5 should be fairly reliable and the

KARGER

2018

Downloaded by:

Univ Studi Firenze

150.217.72.146 - 4/4/2017 10:45:41 AM



Cellular Physiology Cell Physiol Biochem 2016;39:2014-2024

DOI: 10.1159/000447897 © 2016 The Author(s). Published by S. Karger AG, Basel

and BiOChemIStry Published online: October 24, 2016 |www.karger.com/cpb

Arias-Hidalgo et al.: Mitochondrial CO, Permeability

13 4. + Mitochondria - 0.65
L1 “\\\ l z
° 11 T S
= 107 2
£ 9 3
7 ©
£ 8 +CA g
‘_O l =
S 7 @
3 E
- 5 \ o]

\ o i
5 : : . : : . : Control FC5-208A DIDS
0 20 40 60 80 100 120 140 Treatment

Time (s)

Fig. 4. Original mass spectrometric recording of an
experiment with rat liver mitochondria. Mass 46
(C*®0*0) is plotted logarithmically versus time. 1*
arrow indicates addition of mitochondrial suspen-

Fig. 5. CO, permeability of mitochondria in sus-
pension and the effect of extracellular CA inhibitor
FC5-208A (2.5-10°M) and the CO, channel inhibitor
DIDS (1.0-10* M). ANOVA p = 0.29. From left to right

sion to reaction chamber, 2" arrow indicates addi- n=24,n=10,n=5.Bars represent SD.

tion of an excess of carbonic anhydrase to establish
final isotopic equilibrium.

true values should not be significantly higher than shown.

From control experiments, we calculated a mean bicarbonate permeability of 2:10°
cm/s (SD + 2-10° cm/s, n = 39). This is a very low value compared to red cells [6] but it is
still significantly different from 0 (p < 0.0001). Mean intra-matrix CA activity was found to
be 675 (SD + 151, n = 8). This activity is high, yet still a little less than 5% of the exceptionally
high human intraerythrocytic CA activity.

The mitochondrial CO, permeability we obtain under control conditions is 0.33 cm/s
(SD # 0.03; n =24; Fig. 5), which is twice as high as the value of 0.15 cm/s reported for the
human red cell membrane [5, 6]. Because extracellular CA activity could interfere with the
P, co, calculations, we performed experiments in the presence of FC5-208A, a membrane-
impermeable and thus extracellular and extramitochondrial CA inhibitor. Organelles pre-
incubated with FC5-208A exhibit the same permeability of 0.32 cm/s (SD # 0.03; n =10),
indicating that no extramitochondrial CA is present in our mitochondrial suspensions.
Finally, we performed experiments with DIDS, a CO, channel inhibitor (of aquaporin 1 and
RhAG [5, 6, 16]), and obtained a P of 0.34 cm/s (SD # 0.06; n = 5), again identical to

control PM’COZ.

M,C02

Discussion

Stereological Mitochondrial Parameters

The calculation of P, ., from the two phases of C'*0'°O decline seen in Fig. 4 requires
knowledge of the mitochondrial matrix volume and the surface of the inner mitochondrial
membrane [4]. These values have been determined for rat liver mitochondria by
Schwerzmann et al. [13], who report a matrix volume of 1.6 pl/mg mitochondrial protein
and a surface area of the inner membrane of 521 cm?/mg protein. Matrix volume rather
than total mitochondrial volume and inner membrane rather than outer mitochondrial
membrane were chosen, because a) all mitochondrial CA is present in the matrix (see
below), and b) the outer mitochondrial membrane has large pores und thus is less likely to
offer a significant resistance towards permeation of CO, as well as HCO, in comparison to
the inner mitochondrial membrane. For the mitochondrial matrix volume, various estimates
have been obtained. Besides the value employed here, 1.6 ul/mg protein as reported by
Schwerzmann et al. [13], Halestrap and Quinlan [20] obtained values of 0.46 and 1.68 pl/mg
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(where they preferred the estimate of 0.46 pl/mg). Cohen etal. [21] reported matrix volumes
between 0.85 and 1.4 pl/mg, and Vincent and Silverman [8] found a value of 1.4 ul/mg. We
tested the effect of assumed matrix volumes of 1 ul/mg and 0.46 ul/mg on the calculated CO,
permeabilities, and found for both these values average P, ., values remaining between 0.2
and 0.4 cm/s, i.e. very similar to the P ., value calculated with a matrix volume of 1.6 ul/
mg. Thus, the P ., values of Fig. 5 do not depend very much on the value chosen from this
range of mitochondrial matrix volumes. This is due to the fact that, at the given experimental
CA activity of the mitochondrial lysate, the calculated intra-matrix CA activity increases as
mitochondrial volume decreases, and these two changes largely compensate each others’
opposite effectson P ...

Imperfect Purity of Mitochondrial Preparation

As discussed above, the present mitochondrial preparation is not entirely pure, the
contaminations amounting to 30% according to DLS measurements (Fig. 3). On the other
hand, we use here the mitochondrial parameters derived from another study, that of
Schwerzmann et al. [13], which raises the question to which extent their parameters are
applicable to our preparations. A first consideration concerns the present preparation
technique. This technique is almost identical to the one used by Schwerzmann et al. [13],
with one major exception: we did not include the final step used by Schwerzmann et al. [13],
Percoll gradient centrifugation intended to reduce microsomal contamination. We tested
the effect of this step and found no improvement of the purity of the preparation, but an
impairment of the functional properties of the mitochondria after Percoll. Therefore, this
step was omitted. This suggests that the purity of the present preparation may be similar
to that of Schwerzmann et al. [13]. A second consideration concerns the hypothesis that
the data of Schwerzmann et al. [13] refer to a 100% pure preparation, while 30% of the
protein of our preparation is not due to mitochondria. Which error in our estimate of P, .,
would this situation cause? 30% contaminating proteins would reduce the mitochondrial
volume and surface as calculated from Schwerzmann’s data [13] by 30%, and at the same
time increase calculated intra-matrix CA activity by 30%. As mentioned above, the reduction
in volume and the increase in activity largely compensate each other, such that the average
P, co, Of @ representative group of experiments is calculated to fall from 0.32 cm/s to 0.29
cm/s, an error negligible in view of the limitations of the present method. In conclusion,
even if there is a major difference between the purities of the preparations of Schwerzmann
et al. [13] and of this paper, this has no relevant effect on the value of mitochondrial P
The same holds for P

M,HCO3-"

M,Cco2"

Mitochondrial Carbonic Anhydrase Activity

For rat liver mitochondria at 37°C we report here an intra-matrix CA activity of 675,
indicating that the intra-matrix rate of CO, hydration is accelerated over its uncatalysed
value by a factor 675+1 = 676. For guinea pig liver mitochondria at 25°C, Dodgson et al. [9]
have reported a standard k  of 0.13 ml/s/mg protein. Using the above matrix volume of
1.6 pl/mg, this gives an activity of 2030 in the matrix of these mitochondria. The difference
between this value and the present one can be due to the difference in species and/or to the
difference in temperatures. For rat liver mitochondria at 25°C, Vincent and Silverman [8]
report a mitochondrial CA activity of 700, very similar to our value at 37°C. However, they
conclude from digitonin subfractionation experiments that about one half of this CA activity
islocated in the space between inner and outer mitochondrial membrane, and only the other
half in the matrix. We cannot confirm this latter conclusion, as the membrane-impermeable
inhibitor FC5-208A (mol.wt. 376.81) should be able to enter the space between the two
membranes through the porins but should not have access to the intra-matrix space. As
apparent from Fig. 5, FC5-208A has no effect on calculated CO, permeability, which means
that the mass spectrometric signal is not detectably altered by the presence of FC5-208A.
If there were significant extra-matrix CA in these mitochondria, we would expect a marked
change of the mass spectrometric signal upon addition of the inhibitor. Thus, the present
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results yield CA activities that are in a range similar to previously reported values, but show
that CA is localized entirely in the mitochondrial matrix space. The latter conclusion is in
agreement with the observations of Balboni and Lehninger [2], who observed that rat liver
mitoplasts, which are devoid of the outer mitochondrial membrane and the intermembrane
space, exhibit a similar rapid uptake of CO, into the matrix as intact liver mitochondria.

The localization of CA within the mitochondrium is relevant for the present study,
because the '*0 exchange technique observes the exchange of CO, and HCO, between the
compartment containing the CA and the surrounding space devoid of CA [7]. If the space
containingthe CAisthe matrix,and both the space between the two mitochondrial membranes
and the extramitochondrial space are free of CA, then the permeabilities measured here for
CO, as well as HCO, should refer to the sum of the diffusion resistances of the inner and the
outer mitochondrial membrane. In view of the fact that the outer membrane has large pores
and is known to be quite permeable, it is likely that our permeability results essentially
reflect the properties of the inner mitochondrial membrane.

Low Mitochondrial Bicarbonate Permeability

Williams [22] has early on postulated that it is HCO," rather than that CO, leaves the
mitochondrial matrix. Elder & Lehninger [1] and Balboni and Lehninger [2] have presented
several lines of evidence indicating that it is more likely that CO, is the permeating species.
In view of this discussion it is of interest to know what the permeability of the (inner)
mitochondrial membrane for HCO," is. This question has been studied by Dodgson et al. [9],
who used the same '®0-exchange technique that we apply here. Their approach differs from
the present one by the theoretical treatment. They consider the membrane permeability for
CO, tobeinfinite and derive the two parameters intramitochondrial CAactivity and membrane
bicarbonate permeability from mass spectrometric recordings such as the one shown in Fig.
4 (see method in [23]). In our treatment the intramitochondrial CA activity is determined
independently, and the two parameters membrane P ., and P ... are derived from the
mass spectrometric recordings [4]. Therefore, the results for P, . obtained by Dodgson et
al. [9] and in the present paper are not strictly comparable, even if the experimental mass
spectrometer recordings were identical. However, since we find here an exceptionally high
CO, permeability of the mitochondrial membrane, it can be expected that assuming it to be
infinite does not affect the calculated value of P very much. Thus, it is not surprising

that our value for P, ..., 2:10° cm/s, is well Wlwéﬂclclzi the range of values between 10 and
10° cm/s reported by Dodgson et al. [9]. These values are almost three orders of magnitude
lower than the P, ... of about 10 cm/s in human red cells, which possess the chloride-
bicarbonate exchanger AE1 in their membrane [6, 24, 25]. The present mitochondrial P ;...
of 2:10° cm/s is about as low as the P, .. of hagfish red cells, which lack the AE1 and have
been reported to exhibita P, ... of <<'10° cm/s [26]. Both bicarbonate permeabilities can
be considered to be close to zero. This would be clearly lower than the mitochondrial P, ...
of 9:10”° cm/s reported by Vincent and Silverman [8], but would agree with the reports of
Chappell and Crofts [27] and Elder and Lehninger [1], who concluded that bicarbonate is
virtually impermeable in the inner mitochondrial membrane. In summary, we confirm here
the concept of Elder and Lehninger [1] and Balboni and Lehninger [2] that bicarbonate does
not play a significant role in mediating the transfer of CO,- HCO, across the mitochondrial

membrane.

High Mitochondrial CO, Permeability, Significance and Mechanism

Physiological Significance. If CO, is the only form in which all species of the CO,/HCO,/
H,C0,/CO,* system can pass the inner mitochondrial membrane, then all CO, produced from
0, inside the mitochondrion has to permeate this membrane in the form of CO,. If we take
oxygen consumptions as an approximation of CO, production rates, we can use the state
III mitochondrial oxygen consumption measured in this study,, ¥, = 97 nmol 0,/min/mg
protein (see Results). We convert this to V', per volume using the matrix volume of 1.6 pl/
mg, and obtain a V', per matrix volume of ~ 1000 nmol/s/ml. One can now compare this
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figure with the O, consumption of a cell line in culture, MDCK, which exhibits a low oxygen
consumption of 1.25 fmol/min/cell [28]. Converting this number to VOZ per cell volume, we
obtain about 12 nmol/s/ml. This is a 100x lower specific V , than that of mitochondria.

Mitochondria seem to be well adapted to the high VCOZ by their high P, ., of 0.3 cm/s,
whereas MDCK cells are obviously able to sufficiently release their CO,, produced at a 100x
lower rate, in spite of their much lower P, of 0.017 cm/s [3]. However the size and
surface area of a mitochondrion and a MDCK cell are greatly different. In order to obtain
a rough estimate of the efficiencies in releasing CO, achieved by mitochondria vs. MDCK
cells, we can calculate the ratio of whole organelle/cell CO, membrane conductance, C,, over
whole cell/organelle CO, production, ¥V ,. Membrane conductances are given by Plcor A A
representing the total membrane area of the single cell or organelle. For mitochondria one
obtains C,, = 0.3 cm/s - 6.0-10® cm? = 1.8-10® cm?/s (A taken from [13]), for MDCK cells C,,
0.017 cm/s 7-10° cm*=12-10"® cm?/s (A calculated from a cell diameter of 15um assumlng a
spherical shape of the MDCK cell). Tr"cm per mitochondrion with a matrix volume of 1.84-10"3
cm?® [13] is obtained from the above V', per volume to be 1.84-10"'° nmol/s. Tr“' ,ofaMDCK
cell is obtained analogously to be 12 nmol/s/cm3 1.77-10° cm® = 2.1:10°8 nrqol/s (the cell
volume being calculated from the diameter of 15 um). For the ratio of C, over ¥, we obtain
then for mitochondria: C /Tr'r =1.8-10% cm?®/s / 1.84-10'° nmol/s = 98 cm?®/nmol, and for
MDCK cells: C /VCOZ =12 10 § cm3/s / 2.1-10® nmol/s = 5.7 cm®/nmol.

Thus, mitochondria possess an almost 20 times greater membrane CO, conductance
per rate of CO, production than MDCK cells. We conclude that mitochondria possess an
especially perfect optimization of CO, release across their membranes when compared to
MDCK cells. This advantage would disappear, if the mitochondrial membrane had a similarly
low CO, permeability as MDCK cells have.

Mechanism of High CO, Permeability of Mitochondria. Several authors have shown that
a major parameter determining the permeability of phospholipid and cell membranes is
the cholesterol content of the membrane [3, 29-31]. Itel et al. [3], Kai and Kaldenhoff [30]
and Tsiavaliaris et al. [31] have shown that the CO, permeability of liposomes and artificial
phospholipid membranes - like that of cell membranes - is in addition governed by the
presence or absence of membrane gas channels. The content of cholesterol can reduce P, .,
from > 0.16 cm/s in the absence of cholesterol to ~ 0.002 cm/s in the presence of 70%
mol% cholesterol per total lipids, i.e. by at least two orders of magnitude [3, 29]. This finding
implies that cell membranes with a normal cholesterol content of 30-40% can have a rather
low CO, permeability, such as for example MDCK cells with a P, .., of 0.017 cm/s [3]. In
tissues with a high metabolic rate, such as the heart, such a permeability would be limiting
for cellular CO, release [7]. Thus, it is important that cell membranes in such tissues acquire
a substantially higher membrane P .. Itel et al. [3] have shown in artificial phospholipid
membranes that an effective means to achieve this is to incorporate protein gas channels
into the membrane. Incorporating the gas channel aquaporin 1, they were able to increase
P in a membrane containing 50 mol% cholesterol up to 10-fold. Thus, in tissues of high

n;wéctosibolic rate P, .., can become high in spite of a high cholesterol content of the membrane,
which may be needed for other reasons such as establishing the desired mechanical
properties of the membrane [32] or because of cholesterol’s general barrier function [33].
The mitochondrial membrane seems to constitute an example in which a novel
constellation of the two above parameters leads to an unusually high CO, permeability.
Mitochondrial membranes (inner as well as outer) have an extremely low cholesterol content,
amounting to an about 40-fold lower value compared to the cholesterol levels in plasma
membranes [34, 35]. This per se is expected to impart a high P, to the mitochondrial
membrane, which on the basis of the data of Itel et al. [3] can easily assume the value
reported here, 0.3 cm/s. On the other hand, the mitochondrial membrane does not seem
to possess any known protein gas channel. This is compatible with the lack of an effect of
DIDSon P, ., as seen in Fig. 5; DIDS has been shown to be an effective gas channel inhibitor
[16] both for aquaporin 1 and for Rhesus-associated glycoprotein [5, 6]. Furthermore, while

many aquaporin isoforms have been shown to function as protein gas channels [36], the
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only isoform known to be present in mitochondria, aquaporin 8 [37, 38], does not conduct
CO, [36]. The available evidence thus points to the mitochondrial membrane exhibiting a
very high CO, permeability due to extremely low cholesterol content in spite of the absence
of gas channels.
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