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HYDRODYNAMIC PROPERTIES OF PORIN ISOLATED FROM OUTER MEMBRANES OF RAT
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The hydrodynamic properties of purified porin (M, = 30000), isolated from outer membranes of rat liver
mitochondria has been studied. After gel filtration, active porin was eluted in a symmetrical peak with an
estimated Stokes radius of 5.4 nm. The sedimentation coefficient (s) and partial specific volume (t) were
found to be 2.6 S and 0.908 cn® /g, respectively, for the purified porin-Triton X-100 complex. Based on
these determinations, a molecular weight of 170000 for the porin-Triton X-100 complex was calculated.
Correcting for bound Triton X-100, 1.8 g /g of protein, a molecular weight of 60000 was estimated for the
protein portion of the complex. Thus, isolated active porin appears to exist as a dimer.

Introduction

Mitochondrial porin is located in the outer
mitochondrial membranes. This protein forms
aqueous channels which allows the passage of
polysaccharides up to 8 kDa [1,2]. Conductance
measurements performed by Roos et al. [3] as well
as by Colombini [4], showed that porin could also
form voltage-dependent, anion-selective channels.

Porin has recently been isolated in an active
form both from rat liver [2,3] and Newurospora
crassa [5]. The purified porin from these sources
displayed an apparent molecular weight of 30000
upon SDS-gel electrophoresis [2,5]. Rat liver porin
could be further resolved into a major (pI 7.9) and
two minor components by isoelectric focusing [2].
The amino acid composition of rat liver porin [2]
(polarity 47.8%) is significantly different from that
reported for Neurospora crassa porin [S] as well as
the OmpF protein [6] of Gram-negative bacteria,
suggesting structural dissimilarities between the
various porins.

Very little is known about the quarternary
structure of the active outer membrane pore com-
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plex. The well known resistance of porin to pro-
tease digestion [7], suggests that it is deeply im-
bedded in the membrane. Electron microscopic

-studies have revealed pore structures in the outer

membrane with a diameter of 2 nm [7), in agree-
ment with the calculated diameter based on con-
ductance measurements [5].

In this paper, we describe some hydrodynamic
properties of the porin-Triton complex purified
from rat liver mitochondria [2]. Based on these
measurements, a molecular weight of 171000 has
been determined for the active porin-Triton com-
plex. Correcting for bound Triton, we suggest that
porin is a dimeric protein, with a molecular weight
of 60000.

Materials and Methods

[6,6’(n)->H]Sucrose (1-5 mCi/ mmol) was
purchased from the Radiochemical Centre,
Amersham. [carboxyl-1*C]Dextran ( M, 70000) (1.1
mCi/g) and [*H]Triton X-100 (1.58 mCi/mg)
were purchased from New England Nuclear. Sep-
hacryl S-300 superfine and Blue dextran 2000 were
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bought from Pharmacia, Sweden. Triton X-100,
reference proteins and other biochemicals used in
this study were all reagent grade, obtained from
commercial sources.

Rat liver porin was isolated as described before
[2]. Pore forming activity was determined accord-
ing to Zalman et al. [1] with the modification of
Lindén et al. [2].

Determination of the Stokes radius for the porin-Tri-
ton complex

50 pg porin was incubated together with marker
enzymes, Blue dextran and [*H]sucrose in 1 ml of
40 mM potassium phosphate buffer, pH 7.0, con-
taining 0.05% (w/v) Triton X-100 at 4°C for 2 h.
After incubation, the sample was applied on a
Sephacryl S-300 superfine column (1.4 X 85 cm)
equilibrated with 40 mM phosphate buffer, pH
7.0, 0.05% (w/v) Triton X-100 and 0.1 mM di-
thioerythritol. The column was eluted with the
equilibration buffer at a rate of 4 ml/h.

Fractions were collected and analyzed for porin
as well as for marker enzymes. Due to Triton
X-100 absorbance at 280 nm, the elution position
of porin and the marker enzymes were monitored
by running an aliquot of each fraction on an
SDS-polyacrylamide gel. After Coomassie blue
staining or silver staining [8], the amount of each
protein was quantitated by a Zeiss KM3 gel
scanner at 400 nm. Marker enzymes used were
thyroglobulin (¢ = 8.2 nm), bovine serum albumin
(a=3.5 nm), ovalbumin (a=2.7 nm), catalase
(a = 5.2 nm), yeast alcohol dehydrogenase (a = 4.6
nm), and hemoglobin (a =2.5 nm). Stokes radii
were taken from Ref. 9. Porin [2], catalase [10] and
yeast alcohol dehydrogenase [11] were assayed as
described. Hemoglobin was assayed spectrophoto-
metrically at A4, nm. Blue Dextran and
[*H]sucrose were used to estimate the void volume
and the total volume of the column, which were
determined to be 52.5 ml and 129 ml, respectively.
The Stokes radius was estimated as described by
Porath [12].

Determination of partial specific volume of the
porin-Triton complex
The partial specific volume of the porin-Triton

complex was determined by equilibrium centrifu-
gation. 15 ug of purified porin was introduced into
a 4.4 ml 10-40% (w/w) sucrose gradient contain-
ing 40 mM potassium phosphate, pH 7.4, and
0.05% (w/v) Triton X-100. Centrifugation was
performed at 230000 X g (average) in a Beckman
SW56 rotor for 72 and 96 h to ensure that equi-
librium had been reached. After centrifugation, 0.2
ml fractions were collected. The concentration of
sucrose in the various fractions was determined
refractometrically. Porin was located as described
above.

Détermination of sedimentation coefficient of the
porin-Triton complex

10 ug of purified porin was dissolved together
with the marker enzymes, bovine serum albumin,
and cytochrome ¢, in 150 pl 40 mM potassium
phosphate, pH 7.0, and 0.3% (w/v) Triton X-100.
Centrifugation was performed at 230000 X g for
16 h in a Beckman SW56 rotor. 0.2 ml fractions
were collected and subjected to SDS-gel electro-
phoresis. Densitometric analysis and location of
porin was done as outlined above. Standard pro-
teins with known sedimentation coefficients were:
bovine serum albumin (4.6 S) and cytochrome ¢
(1.7 S).

Detergent binding

100 pg of purified porin was layered on top of a
5-20% (w/v) sucrose gradient containing 0.05%
(w/v) [*H]Triton X-100 (0.2 mCi/ug) and 40 mM
potassium phosphate, pH 7.0. Samples were
centrifuged at 230000 X g for 24 h in a Beckman
SW 56 rotor. After centrifugation, 100 ul fractions
were collected from the bottom of the tube. The
specific radioactivity and the amount of protein
was determined in each fraction. The radioactivity
over the base line of the plateau region for a given
fraction was divided by the specific activity of the
labeled detergent and the amount of protein in the
same sample volume, according to Clarke [13].

Other procedures

SDS-gel electrophoresis was done according to
Laemmli {14]. Protein was determined by the
method of Petterson [15].



Results

Hydrodynamic properties of the porin-Triton com-
plex

The rat liver porin preparation used in this
study had a high pore-forming activity ('*C/*H
of over 30) (for details see Ref. 2). The preparation
revealed only one band (M, 30000) on SDS-gel
electrophoresis.

The purified porin-Triton complex, when sub-
jected to sucrose gradient centrifugation, sedi-
mented as a sharp band with a sedimentation
coefficient of 2.6 S. The protein retained about
70-80% of its pore-forming activity after sucrose
gradient centrifugation, indicating that it was not
altered during centrifugation. Inactivation of Tri-
ton X-100 solubilized porin preparations during
sucrose gradient centrifugation has been reported
[11.

The Stokes radius of the porin-Triton complex
was determined by gel filtration on a Sephacryl-300
column in the presence of 0.05% Triton X-100.
Porin eluted in a symmetrical peak indicating a
homogenous preparation. The position of the
porin-Triton complex peak migrated just ahead of
the Triton X-100 micelle peak, indicating a slight
difference in size between the protein-detergent
micelles and pure micelles. By comparing the K,
for the porin-Triton complex with the K, for
standard proteins with known Stokes radii, the
Stokes radius for the porin-Triton complex was
estimated to 5.4 nm. The same value was obtained
for three experiments.

The partial specific volume (o) for the porin-
Triton complex was determined by equilibrium
density centrifugation in a sucrose gradient con-
taining 0.05% Triton X-100. The porin-Triton
complex banded after both 72 h and 96 h at a
sucrose concentration of 24% (refractive index
1.371) (Fig. 1). This corresponds to a density of
1.101 g/ml, giving a partial specific volume for the
porin-Triton complex of 0.908 c¢cm’/g. Since the
partial specific volume of porin determined from
its amino acid composition [2] is only 0.733 cm® /g,
a substantial amount of Triton X-100, or possibly
lipid, is probably bound to the protein giving rise
to the observed high value. Lipid analysis of the
porin-Triton complex revealed less than 5% phos-
pholipid (w/w) hence the component responsible
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Fig. 1. Determination of the partial specific volume for the
porin-Triton complex by sucrose gradient centrifugation. 15 ug
of purified porin-Triton complex was centrifuged for 72 hin a
10-40% sucrose gradient containing 0.05% Triton X-100. Col-
lected fractions (0.2 ml) were analyzed for refractive index and
subsequently subjected to SDS-polyacrylamide gel electro-
phoresis (see top part of the figure). Polypeptide bands were
quantitated by gel scanning at 400 nm (for details, see Materi-
als and Methods).

for the high partial specific values observed is
most likely Triton X-100. To be able to estimate
the molecular weight of the active porin, the
amount of bound detergent was determined.

Triton X-100 binding to porin

Fig. 2 shows an experiment in which bound
Triton X-100 was determined. The porin-Triton
complex was subjected to sucrose gradient centri-
fugation in the presence of [*H]Triton X-100. The
amount of radioactive Triton X-100 associated
with the porin peak was subtracted from the back-
ground plateau level, a mean value of 1.78 &+ 0.23
mg Triton X-100 bound per mg of protein (mean
+ S.E., n = 6) was calculated. This value is in good
agreement with the values determined for other
purified membrane protein [16,17].
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Fig. 2. Determination of Triton X-100 binding to porin. (A)
Purified porin-Triton complex (100 pg) was centrifuged in a 5
to 20% sucrose gradient containing 0.05% [*H]Triton X-100
(spec. act. 87 cpm/pg). 100-¢! fractions were collected and
Triton X-100 binding was determined by measuring the radio-
activity above the base line (1100 cpm) and divided by the
amount of protein in the same volume for each fraction [13].
(B) The amount of Triton X-100 (mg) bound per mg porin is
illustrated in an expanded scale. The values are mean values
from three different experiments.

Molecular weight and oligomeric structure of porin

Table 1 summarizes the hydrodynamic proper-
ties determined for the porin-Triton complex. The
molecular weight of a protein or a protein-deter-
gent complex may be calculated from the Svedberg
equation.

_ 6"'7120.w_‘520,w'a‘N )
(1-7-pu)

where M, 75, Syw @ N, U, and py,, are the

molecular weight of the protein detergent complex,

viscosity of water at 20°C, standard sedimentation

TABLE 1

PROPERTIES OF PURIFIED PORIN-TRITON X-100
COMPLEX

Parameter
Stokes radius 5.4 nm
Sedimentation coefficient 268
Partial specific volume * 0.908 cm®/g
Partial specific volume (protein part) ? 0.733 cm’/g
Calculated partial specific volume © 0.881 cm’/g
Minimal molecular weight of porin

(SDS-PAGE) 30000
Molecular weight porin-Triton X-100 complex 171000
Triton X-100 binding 1.8g/g
Meric form of porin dimer (a, )

¢ Experimentally determined.

P Calculated from amino acid composition of porin [2] accord-
ing to Ref. 20.

¢ Calculation based on a dimeric form of porin (M, 60000)
and a Triton X-100 binding of 1.8 g/g.

coefficient, Stokes radius, Avogadros number, par-
tial specific volume of the protein detergent com-
plex and the density of water at 20°C, respectively.

Introduction of the experimentally determined
values for a, s,,, and 0, in Eqn. 1 yields an
estimated molecular weight of 171000. This is a
composite value of protein and bound detergent.
After correcting for bound Triton X-100 (1.8 g/g
protein), the molecular weight of the protein por-
tion is calculated to approx. 60000. Thus, these
results suggest that isolated porin (minimal molec-
ular weight 30000) exists as a dimer.

Discussion

In this paper, we have determined the Stokes
radius (5.4 nm), the sedimentation coefficient
(2.6 S), and the partial specific volume (0.908
cm?’ /g) for rat liver porin in the presence of Triton
X-100. By insertion of these parameters into the
Svedberg equation, a molecular weight of 171000
was calculated for the porin-detergent complex.

To be able to estimate the molecular weight of
porin, we had to determine the amount of bound
Triton X-100. A value of 1.8 g Triton/g protein
was obtained. If porin (minimal molecular weight
30000) exists as a monomer, approx. 82% of the
total mass of the protein detergent complex should
be Triton X-100. This is equal to a Triton X-100



binding of 4.7 g/g. However, if porin is a dimer
(M_ 60000), a calculated Triton X-100 binding of
1.8 g/g should theoretically be found. This value
is in good agreement with that found experimen-
tally. Porin in a trimeric form would bind only 0.9
g Triton X-100/g protein. Hence, by this criteria,
porin is most likely a dimer, however, Triton X-100
has recently been found to cause modification of
proteins into dimers [18].

The molecular weight of porin can also be
estimated by comparing the experimentally de-
termined value of the partial specific volume (0)
for the porin-Triton complex with the theoretical
value, assuming different meric forms of porin.
The ¥ of a multicomponent complex can be calcu-
lated from the sum of its individual components’
weight fraction and partial specific volume of the
individual components [19]. To calculate & for the
porin-Triton complex, assuming no other major
component is present in the complex, the & for
porin and the & for Triton X-100, as well as their
relative contribution to the total mass of the com-
plex, must be known. The & for Triton X-100 used
in these experiments was determined to 0.960
cm’/g by equilibrium density centrifugation. By
using a value of 0.733 for porin (for details see
Table I) and assuming either a monomeric, di-
meric or a trimeric form or porin, § values of
0.920, 0.881 and 0.853, respectively, are obtained.
Comparing these values with those obtained ex-
perimentally (0.908 cm® /g), porin would appear to
exist either as a monomer or a dimer. Since a
monomeric form of porin is not compatible with
its Triton X-100 binding properties (see above)
and as an overestimation of & due to hydration of
the protein detergent micelle has been observed
[13], the theoretically value of 0.881 (dimeric form
of porin) is probably the more correct.

The molecular architecture and regulation of
the outer mitochondrial membrane pores are still
not yet understood. Recent experiments showing
that porin binds hexokinase [21] and also glycerol
kinase [22] during certain metabolic states, e.g.
high aerobic glycolysis, for example in tumor cells
[23], suggests that the physiological pore com-
plexes might be constructed of a membrane seg-
ment (dimeric porin) with additional molecules
bound to it. The loosely bound, water soluble
molecules might be involved in the regulation of
the pore channel. Further structural and func-
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tional work is obviously needed to be able to
understand this in more detail.
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