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The cell wall of gram-negative bacteria consists of
three different layers, the inner membrane, the pep-
tidoglycan layer, and the outer membrane (15,6). The
inner membrane acts as a real permeability barrier and
contains besides the respiration chain a large number
of different transport systems for substrates. The
outer membrane acts in contrast to this as a molecular
filter with a defined exclusion limit for hydrophilic
substances (16). These permeability properties are
coupled to the presence of a class of major proteins in
the outer bacterial membrane, called matrix proteins
(17) or porins (11,12). The porins have been isolated
from the outer membrane of Escherichia coli, Salmonella
typhimurium and Pseudomonas aeruginosa (9,12,13). Ex-
periments with reconstituted vesicles in the presence
of porins from enteric bacteria have shown that the
maximum molecular weight for permeable substances is in"’
the case of E. coli and S. typhimurium between 600 and
700, whereas molecules with molecular weights up to
6000 can penetrate the reconstituted vesicles in the
presence  of porin F from Ps. aeruginosa (9,12,23).
Experiments with reconstituted vesicles provide ex-
cellent information about the presence and the size of
the pores formed by a porin. More detailed information
about the pore interior and the pore selectivity can
be obtained from experiments with lipid bilayer mem-
branes. In the following we shall give a short review
on the properties of porins from E. coli, S. typhimur~
ium and Ps. aeruginosa in lipid bilayer membranes. We - -
shall show that the porins of these gram-negative bac-
teria form water filled pores with diameters between
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1.2 and 2.2 nm and that most of the pores have a cer-
tain selectivity for ions (3-5). The conductance jof the
porin pores is in the order of 0.1 to 0.6 nS for 0.1 M
alkali chloride solution.

Reconstitution of Porin into Lipid+Bilayer Membranes

The porins were isolated from the o&ter membrane
of the different bacteria according to standard proce-~
dures using either dodecylsulfate (SDS, E. coli and
S. typhimurium) or Triton X-100 (Ps. aeruginosa) as de-
tergents (9,12,13). All proteins appeared to be homoge~-
neous as examined by SDS-gel electrophoresis. The mole-
cular weight of the single porin monomers was in the
order of 40 000 Dalton whereas the conductive unit. was
in all cases a trimer. Dissociated monomers were found
to be inactive in lipid bilayer membranes and reconsti-
tuted vesicles (14). The stock solutions contained 0.1%/
SDS or Triton X-100, 3 mM sodium azide, 5 mM Tris-HCLl”
pH 8 and between 0.1 and | mg/ml protein. They were
kept in the refrigerator or in the freezer and remained
active under these conditions for ‘at least 3 months.

The addition of porin from the stock solution to the
aqueous phase bathing a lipid bilayer membrane led to
a strong increase of the membrane conductance. A typi-
cal experiment of this type is given in Fig.l. Porin
monomers from S. typhimurium strain SH 5551 (40 000
Dalton M.W.) were added in a final concentration of
100 ng/ml to a black membrane from egg-phosphatidyl-
choline/n-decane. After an initial lag of 4 min, pre-

A
Sem . e e
.
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074 + 100 ng/ml porin
= control
1077.
:l: x : xowooxo T T~
-8 - ¢
10 0 10 20 30. 40

Exmin \

Fig.l Specific membrane conductanéL as a function of
time after addition of 100 ng/ml trimers of S.
“typhimurium strain SH 5551 (40°K) to a black
membrane from egg-phosphatidylcholine/n-decdne
(arrow). The crosses represent a control experiment
where y 10 ug/ml SDS was added to another mem-
brane. MKC1, 25°C. ’
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sumably due to diffusion of the protein through uns
stirred layers, the conductance increased by about: =
three orders of magnitude within about 30 min. On¥p
slight further increase (as compared with -the initi
one) occurred after that time. It has to be noted,
however, that the membrane conductance'increased cofi
tinuously until membrane breakage in the presence of &
all porins. It is interesting to note that the detep-
gents had only a small influence, if any, on porin
reconstitution. This was shown by using different de-
tergents and detergent free porin from osmotic shock
solution (1,2).

Since a steady conductance level could not be reach-
ed in the experiments with all porins, the dependence
of the conductarice on various parameters was difficult
to obtain. A meaningful comparison was possible, how-
ever, on the basis of 'similar experiments as present-
ed in Fig.l and using the conductance value at a fixed
time after addition of the protein. Fig.2 shows the in-

© ox chol
® GMO
® brain-P§ -
® 099 -PC
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Fig.2 Specific membrane conductance ) as a function of
the concentration of trimers from the Salmonella
strain TA 1014 (38 K, 39 K, 40 K), in the aaueous

"Phase; 1 MKCl; T=25°C. Less than § ug/ml SDS' was
/ present in'the aqueous solutions.

100 <p/ng,

fluénce of the membrane composition on the incorpora=-
tidn of the porins from §S. typhimurium strain TA 1014

9138 K, 39 K and 40 K porins) into the membranes. With

membranes made from oxidized cholesterol or of mono~
olein the conductance is about two to three orders of
magnitude larger ;than for membranes made from phospho-
lipids. A similar "lipid specificity" was also found
for the porins from E. coli and Rs. aeruginosa (3,5).

Curreﬁt-Voltage Curves

Fig.3 shows the current-voltage behavior(: two
membranes from oxidized cholesterol/n~decdne in tHe -
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Fig.3 Current vs. voltage characteristics of two mem-
branes from oxidized cholesterol /n-decane doped
with porin F from Ps. aeruginosa. The aqueous
phase contained 20 ng/ml porin, 0.5 pug/ml Triton
X-100 and 1 M NaCl; T=25°C.,
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presence of porin F from Ps. aeruginosa. The current
observed was a linear function of the applied voltage
up to at least 150 mV. Even for an application of 100
mV for more than 30 s no current decrease but some-
times a slight increase was found presumably caused by
the facilitated incorporation of the!porin into the
membranes by the high electrical field. Linear current
voltage relationships were also found for the porins
from E. coli and S. typhimurium (1,4). The results
strongly suggested that no voltage is required to ini-
tiate the single conductance unit i.e. the pores were
not voltage gated.

Single channel Analysis

When the different porins were added in small con-
centrations (1-10 ng/ml) to the aqueous phase bathing -
a black membrane, the membrane curreant at a given vol-
tage started to increase in a stepwise fashion. These
current fluctuations were not observed when oniy~the
detergents SDS or Triton X-100 were added to the o
aqueous phase. Fig.4 shows experiments in the presence
of porin from E. coli (trace 1) em\e of porin F from
Ps. aeruginosa (trace 2). As can bk seen from Fig.4
most steps were directed upwards whereas terminating
steps were only rarely observed. This_was also found
for the different porins from S. typhimurium. The 1ife~-
time of all porin pores was at least one minute as de-
rived from records extending over long times. Only

7
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Fig.4 Stepwise increase of the membrane current in the
presence of 0.1 ng/ml porin from E. coli (trace
1) or 5 ng/ml porin F from Ps. aeruginosa (trace
2) to the aqueous Phase containing 0.1 M NaCl;
T=25°C. The membranes were formed from egg-phos~—
phatidylcholine/n—decane; Vp=50mV.

pores observed in the presence total outer membrane
from Ps. aeruginosa (8) had a much shorter lifetime
in the order of 50 to 100 ms, although the absolute
level of the pore conductance was not changed‘as com-
pared with isolated porin F (5).

Most of the conductance fluctuations obtained with
the different ‘porins were not uniform in size but dis-
tributed. over a certain range. Histograms of the con-
ductance steps measured with porin F from Ps. aerugi-
nosa and porin from E. coli are shown in Fig.5 A and

B. The fluctuataons of the E. coli porin varied about
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Fig.5 Histogram of the conductance fluctuations obser-

.ved with membrane

n-decane in the pre

aeruginosa (A) or o
0.1 M NaCl; T=250C.

steps; Vp=50mV.
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>ur fold, whereas a factor of about two was between
1e smallest and the largest conductance steps of po-
in F. Similar distributions were found for all porins
11y the recently discovered anion channel formed by

%zrin P from Ps. aeruginosa gave a sharp distribution

!¢ the conductance fluctuations (10).

? Single channel measurement in the presence of the
)rin were performed with a variety of different salts
\d concentrations. From similar records tq those_

,-ven in Fig.4 the average conductance increment A was
>tained by measuring a sufficient number (at least
)) of individual events. For all porins described in
1is short review (except porin P from Ps. aerugi-
>8a  (10) the average pore conductance A was
linear function of the specific conductance o of the
jueous phase, i.e. the ratio_ A/o varied only litt <
| contrast to variations of A by two orders of mag- .
.tude. This is also reflected in Fig.6 where the
rerage pore conductance A for the F-porin of Ps.
:ruginosa is given as a function o? 0. The data points

v
y
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/
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{g.6 Average pore conductance A of protein F from
Ps. aeruginosa given as a function of the spe-
cific conductance of the corresponding aqueous
salt solution; T=25°C. The broken line shows
the results obtained with E. coli or Salmonella

porins (3,4). . T

~~

'uld be fitted with a straight line. The same is va-
d for the porin from S. typhimurium (38 K, 39 K and

) K) and from E. coli (broken line In Fig.6), although
1e ratio A/o varied up to a factor of 4 for these po-
.ns. This can be explained by the larger diameter of
1e Ps. serupinosa pore which is also consistent with
e larecer vazzb of Ao (Fig.6) and the vesicle per—-l

2ability ass ing carbohydrates of different sizes,
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(8,9). It {s interesting to note that even large ions
such as Hepes~ and N(CHyCH3)} were able to pass through
the porin pores with little or no interaction with the
pore interior. :
(Ionic Selectivity og the Porin Pores

Further information on the structure of the conduc-
tance pathway created by the different porins may be
obtained by studying the ionic selectivity of the
pores by zero-current potential measurements. Fig.7
shows the results of such experiments obtained for
E. coli porin oligomers and membranes from oxidized
cholesterol/n-decane. The zero-current potential was
found to be positive on the more dilute side of the
membrane. This indicated that porin oligopers from

J

Vm

Py x KCi

e Nt
o0 P )

Fig.7 Zero current ;/potentials Vp as a function of the
ratio of the salt concentrations 6n both sides
of membrane$ containing porin from E. coli.
The membranes were made from bxidized cholester-
ol /n-decané; T=25°. V, was positive on the more
dilute side of the membrane, c'=10"2M. The lines
were drawn according to the Goldman-Hodgkin-
Katz-equation with the specified values of the
ermeability ratio Po/P, (3). ‘

. ¢ . . . |
E. coli form cation selective pores 1n lipid bilayer
membrdnes. From the measured Vp and the concentration

gradifnt c"/c' across the membrane, the ratio P./Pa
of the permeabilities P, for cations and P, for an-
Agéns was calculated according to the Goldman-Hodgkin~-
Katz equation (3). Table I shows the permeability
,ratibs P./P, for the different porins and KC1l as a
_salt in the aqueous phase. The observed slight selec-
tivity for cations or anions may be explained by. the
presence of negative or positive charges, respectively,
in or near the pores. The anion sélectivity of the
P-porin of Ps. aeruginosa is presumably caused by a
selectivity filter (10). (
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ble I Zero-c(‘ ant potentials Vm for different po~
rins in the presence of a 10-fold KC1 gradient.
Vm is the electrical potential of the dilute
side (10°2M) minus the potential of the con-
centrated side (10-IM). The membranes were
formed from egg-phosphatidylcholine/n-decane;
T=259C. The ratio of the permeability P¢ (cat-
ion) and P (anion) were calculated from the
Goldman-Hodgkin-Katz equation.

Porin Vy/mV \I_PC/Pa
E. coli
Ta/Ib(pH6) K EX] 4.6 0.9
Ia/Ib(pH3) -5+2 0.80+ 0.1
1a/Ib(pHI9) 374 7.2 £ 2.2
Ic (pH6) -28+3 0.24% 0.05
S. typhimurium
40 K(pH6) 242 ; 3.2% 0.5
' Ps. aeruginosa \
F (pH6) 2044 2.4% 0.4
P (pH6 -57%4 \ 10°2- 103
Discussion \

The experiments described in the short review show
at porins isolated from the outer membrane of E. co-
» 8. typhimurium and Ps. aeruginosa are able to
rm large ion-permeable pores in 1ipid bilayer mem-
anes. A relatively easy method was used for the re-—
astitution experiments. The protein was simply added
the aqueous phase and was incorporated by itself

to the membranes. The insertion into the membranes
presumably controlled by hydrophobic forces be-

18e the reconstitution rate showed no dependence on
: ionic strength in the aqueous phase (1,4). The re-
1stitution rate was found to be strongly dependent
the type of lipid used for membrané formation. The
\ductance and the ionic selectivity of the single
iductance unit, however, was independent from the
»id. Ve believe therefore that the reconstitution

;e does not reflect a specific lipid-protein inters
:ion. It seems moreover, that the insertion of the
mers in the membranes is governed by a kinetic process, for
itance the replacement of 100 lipid molecule (area
; nm2) by one porin trimer (area 50\n 2 (16)) which
' need a considerable energy (4). .

The experiments presented here suppdf; the assump-
m of large water-filled pores formed by the porins

PR
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of the different gram-negative bacteria. The .arge
organic ions Tris*, N(CyH5)} and Hepes™ can penetrate
the pores without detectable interaction with the pore
interior. Furthermore, the pore conductance showed no
saturation with increasing salt concentration in the
aqueous ;phase and the single channel conductance of
all salt solutions. The current voltage characteristic
was ohmic which is also expected for a wide unselec-
tive channel. Nevertheless there exist some differ-
ences in the single channel conductances. The single
channel conductance of the porin F from Ps. aeru-
inosa was considerably higher than was observed for
the porins from E. coli and §S. typhimurium (Table II).
This indicates that the diameter of the F-porin pore

Table II Comparison of the pores formed by porins of
gram-negative bacteria. The diameter d was
calculated from the pore conductance in | M
KC1 according to A = g.wr2/1 (using o = 110
mSem™! and 1 = 7.5 nm) .

Pore A/ns d/nm Area/nm?
E. coli e
Ia 2.3 . 1.4 T 1.6
Ib 2.2 1.4 1.5
Ic 1.7 l. 1.2
S. typhimurium
38 K 2.4 1.4 1.6
39 K ) 2.2 1.4 1.5
40 K K 2.4 b 1.6
y
Ps. aeruginosa
F : 5.6 . 2.2 3.8

is larger than the diameter of the other porin pores.
Assuming that the porin pores are filled with a so-
lution jof the same specific conductivity as the ex-
ternalZsolution and assuming a pore length of 7.5 nm
(correfsponding to the thickness of the outer membrane
(6,16]) according to the equation A = onrz/l, the
average pore diameter d (=2r) and the cross section
can be calculated. Table II shows the diameter and

the cross section for the porins from the different

gram-negative bacteria calculated from the conductance
of the pores in I M KC1 (o = 110 mScm"'). The dia-
meter od the F-porin pore is considerably larger than
the diameter of the other pores. The values for the
diameter given in Table II are coméistent with the re-
sults of the reconstituted vesicles where hydrophilic
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solutes of molecular weights up to 6 0 (E. coli) up
to 700 (S. typhimurium) and up to 6000 (Ps. aerug1no-
sa) were found to be permeable through the porin
channels (9,12,13).

The outer bacterial membrane acts as a molecular

filter for hydrophilic solutes (6,15). The results ob~- -
tained on lipid bilayer membranes support this finding.

In particular we found no gating of the porin pores
and the pores had a long lifetime in the order of mi-
nutes. Only the F-porin pores from Ps. aeruginosa
showed a much smaller lifetime (50-100 ms) if total
outer membrane instead of purified porin was present
in the experiments. This has presumably to do with
the high natural antibiotic resistance of this orga-
nism as has been discussed elsewhere (5) but a vole
tage controlled gating process could also not be de-
tected in this case. Furthermore, the vesicle perme-
ability assay (5-8) leads to open pébres without applied
voltage, a fact which supports the results obtained
from lipid bilayer membranes. Our'findings are in
sharp contrast to the results of two pub11cat10ns by
Schindler and Rosenbusch (18,19) where porin pores
from . coli have been studied with folded 1lipid
bilayer membranes formed from reconstituted vesicles.
In these experiments no pores have been found to be
open after membrane formation at zero voltage and
large membrane potentials have been needed to switch
on (V,»100 mV) and to switch off (v, 1150 mV) the po-
rin pores (18,19). The control of membrane permeabi-
lity by voltage gated pores in the outer membrane

of gram negative bacteria, as suggested by Schindler
and Rosenbusch (18) are however difficult to under-
stand. The channel density in the outer membrane of
gram negative bacteria is about 1012 pores/em® (6,16)
and the time constant of the membrane is very small
under normal eonditions (10 ns at O.1 M salt (4)). Any
membrane potential will drop immediately to zero and
the Donnan potentials, which have been reported to be
about 20-30 mV across the outer membrane of §. tyghi-
murium and E. coli (20), are by far to¢ small to
reach 100 mV. We believe therefore that other™ sons
than voltage gated pores must be responsible fzga?he.
observed voltapge effects (18). One reason could be
that the porin molecule are located only in one
monolayer and do not penetrate the) folded membranes.
The high electric field could faciljtate the insertion
of the proteins into both monolayers of the folded
membrane and this process could open the pores. An-
other explanation would be that the folded membranes
do not contair any porin after formation for unknown
reasons. The( :ached vesicles, which contain porin,
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could fuse with the membranes under .the influence of
the high electric field. The latter possibility would
also explain the large conductance Jumps observed by
Schindler and Rosenbusch {(18). Similar jumps have also
been reported for the fusion of porin containing ve-
sicles with planar l1ipid bilayer membranes (7).

It is still an open question wether one porin
trimer contains three pores (16) or only one pore (6).
Our results suggest that one trimer contains only one
pore. The pore diameter as calculated from the con-
ductance data would be simply too small in the case
of three pores in a trimer to account for the perme-
ability of large hydrophilic solutes through the po-
rin pores. One pore per trimer is also supported by
the finding that porin monomers have been found to be
inactive in reconstltutlon experiments with vesicles
(14).

The study of the porin channels from gram-negative
bacteria offers an elegant way for the investigation
of the structure-function relationship of pores. The
porin trimers are usually very stable and allow chemi-
cal modifications without damage of the proteln struc-
ture (21). In part1cu1ar, it is possible to change the
ionic select1v1ty of the porin channels by the chemi-
cal modification (R. Benz and T. Nakae, unpublished
results). Further interest arises from the study of

_strong ion sélective pore like the P-porin from Ps.

e

aeruginosa, which contains a small selectivity filter
for anions (IO) and R. Benz, R.K. Poole and R.E.W.
Hancock, unpublashed results).
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