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Summary. The three types of porin (matrix-proteins) 
from Salmonella typhimurium with molecular weights 
of 38,000, 39,000 and 40,000 were reconstituted with 
lipid bilayer membranes either as a trimer or as an 
oligomer (complex I). The specific conductance of the 
membranes increased several orders of magnitude af- 
ter the addition of the porins into the aqueous phase 
bathing the membranes. A linear relationship between 
protein concentration in the aqueous phase and mem- 
brane conductance was found. In the case of lower 
protein concentrations (10-12 ~), the conductance in- 
creased in a stepwise fashion with a single conduc- 
tance increment of 2.3 nS in 1 M KC1. For a given 
salt the conductance increment was found to be 
largely independent of the particular porin (38 K, 
39 K or 40 K) and on the state of aggregation, al- 
though porin oligomers showed an up to 10 times 
smaller conductance increase in macroscopic conduc- 
tance measurements. The conductance pathway has 
an ohmic current voltage characteristic and a poor 
selectivity for different alkali ions. Further informa- 
tion on the structure of the pores formed by the differ- 
ent porins from Salmonella was obtained from the 
selectivity for various ions. From the permeability 
of the pore for large ions (Tris +, glucosamine +, 
Hepes-) a minimum pore diameter of 0.8 nm is esti- 
mated. This value is in agreement with the size of 
the pore as calculated from the conductance data 
for 1 M KC1 (1.4 nm for a pore length of 7.5 nm). 
The pore diameter may well account for the sugar 
permeability which has been found in reconstituted 
vesicles. The findings reported here are consistent 
with the assumption that the different porins form 
large aqueous channels in the lipid bilayer membranes 
and that the single conductance unit is a trimer. In 
addition, it is suggested that one trimer contains only 
one pore rather than a bundle of pores. 

The cell envelope of gram-negative bacteria such as 
Salmonella typhimurium and Eseherichia coli consists 
of the inner membrane, the peptidoglycan layer, and 
the outer membrane [10, 21]. The inner membrane 
contains a large variety of transport systems [12], the 
respiration chain, and the energy-transducing AT- 
Pase. 

The outer membrane acts as a molecular filter 
[8, 13, 20, 21] for hydrophilic solutes up to a molecular 
weight of about 700. This passive permeability is de- 
pendent to a large extent on a class of major outer 
membrane proteins [16, 17] called matrix proteins 
[26], protein 1, protein I [11, 30], or porins [16] The 
porins have been isolated from the outer membrane 
of Escherichia coli, Salmonella typhimurium, and 
Proteus mirabilis. They were shown to form per- 
meability channels in vesicles reconstituted from 
phospholipids and lipopolysaccharide [16, 17, 23]. It 
was suggested that the active unit of porin aggregates 
is a trimer in E. coli and S. typhimurium [35, 36]. 
Recently it has been shown that the incorporation 
of porins from E. coli into planar lipid bilayer mem- 
branes resulted in the formation of large ion-perme- 
able pores with a high electrical conductance (in the 
order of 0.2 nS for 0.1 ~ alkali chloride solution) [3, 
28]. In addition, detergent-free porin from the shock- 
fluid and detergent solubilized 2-receptor of E. coli 
have also been found to form ion conductive pores 
in membrane experiments [2, 6]. Although the magni- 
tude of the unit conductance increment, the voltage- 
independent behavior and the permeability of large 
organic ions such as glucosamine + and N-2-hydroxy- 
ethylpiperazine-N'-2-ethanesulfonic acid (Hepes-) [4] 
are consistent with the assumption that porin forms 
large water-filled pores in lipid bilayer membranes, 
the structure of these porin pores is largely unknown. 

The outer membrane of S. typhimurium contains 
three species of porins of 38,000, 39,000 and 
40,000daltons [17, 34]. These porins (previously 
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called 34K, 35K and 36K [1]) also seem to span the 
outer m e m b r a n e  and  are tightly associated with the 
pept idoglycan layer [1, 17]. Evidence that  the porins  
are involved in format ion  of  permeabi l i ty  channels  
in the outer  membranes  comes f rom the f inding that  

mutan t s  of S. typhimurium, producing  reduced 
amoun t s  of porins,  had  a reduced permeabi l i ty  to- 

wards cephaloridin,  a hydrophi l ic  solute of molecular  
weight 415 [22]. The three different por in  species of 
S. typhimurium seem to form the permeabil i ty  chan- 
nels independent ly  [18]. We have shown [15, 17, 18] 
that  phosphol ip id  l ipopolysaccharide vesicles become 
permeable to hydrophil ic  solutes up to molecular  
weights of about  700 when the por ins  from Salmonella 
were incorpora ted  into the vesicle membranes .  

In  the present commun ica t i on  we describe lipid 
bilayer experiments in the presence of por in  tr imers 

or oligomers purif ied from the m u t a n t  strains of S. 
typhimurium producing  only single species of porin. 

A large n u m b e r  of experiments are described in which 
the selectivity was studied by measur ing the pore con- 
ductance as a funct ion  of different electrolytes. The 
results of these experiments argue against  the concept 
of a bundle  of parallel  pores, they are consistent  how- 
ever, with the assumpt ion  that  the single conductance  
un i t  is a t r imer  with one pore of large diameter.  

Materials and Methods 

Bacr, erial Strains and Culture Conditions 

The strains used throughout this study were derivatives of S. typhi- 
murium LT2. Mutant strains producing a particular porin (either 
38K, 39K, or 40K) are described previously [18, 24]. Strain TA 1014 
was used for identification of three different porins in S. typhimu- 
rium [17]. 

The culture media and the growth conditions were described 
[34]. Strain HN 407 producing only 39K porin was grown in the 
medium containing 1% tryptone/0.5% yeast-extract/0.4% glucose. 

Purification of Porin 

Procedure for preparation of porin oligomers was described previ- 
ously [34]. The SDS-insoluble peptidoglycan-associated porin was 
treated with lysozyme and complex I was isolated by gel filtration 
in the presence of SDS as described I17]. Complex I isolated from 
strains producing a single-species of porin appeared to contain 
homogeneous porin polypeptide as examined by SDS-slab gel elec- 
trophoresis. 

The porin trimers were isolated as reported [35]. 
Porins purified from strains SH 5551 (40K) and SH 6017 (38K) 

appeared to be homogeneous as examined by gel electrophoresis 
in SDS. 

Porin prepared from the strain HA 417 producing 39K poly- 
peptide were contaminated with a trace amount of unidentified 
polypeptide of about 48,000 daltons. 

All three porins were produced by strain TA 1014 under condi- 
tions similar to the previous publication [17]. Roughly equal 
amounts of these three porins were present in T 1014. 

Membrane Experiments 

Optical black lipid bilayer membranes were obtained in the usual 
way [3, 5] from a 1 2% (wt/vol) solution of different lipids in 
n-decane (Fluka, Buchs, Switzerland, purum). The chamber used 
for bilayer formation was made from Teflon. The circular holes 
in the wall between the two aqueous compartments had an area 
of either 2 mm ~ (for the macroscopic conductance measurements) 
or about 0.1 mm 2 (for the single channel experiments). The temper- 
ature was kept at 25 ~ unless indicated otherwise, 

All salts, besides N-2-hydroxyethlpiperazine-N'-2-ethanesul- 
fonic acid (Hepes, Sigma, analytical grade), tetramethylammonium- 
hydroxide and tetraethylammoniumhydroxide (Fluka, purum) were 
obtained fi'om Merck (Darmstadt, F.R.G., analytical grade). The 
pH of the aqueous salt solutions was adjusted to the values given 
in the text by adding the corresponding hydroxide or acid. So 
in experiments with large organic ions no small ions like Na + 
or C1- were present. In the experiments on the pH-dependence 
of the single channel conductance, the salt solutions were buffered 
with 10-3M citrate or 10-3M Tris. Tris and citrate did not have 
any influence on the results in these concentrations. Aqueous solu- 
tion with a pH around 6 were used without buffering. The protein 
was added to the aqueous phase from the stock solutions either 
prior to membrane formation or after the membrane had turned 
black. In the aqueous salt of high ionic strength all proteins investi- 
gated here were found to be completely inactivated overnight. 

A variety of different lipids were used for membrane forma- 
tion: Monoolein (Nu Check Prep., Elysian, Minn.; brain-phos- 
phatidylserine (brain-PS), egg-phosphatidylethanolamine (egg-PE) 
and egg-phosphatidylcholine (egg-PC) were isolated and purified 
according to standard methods [27, 31]; oxidized cholesterol was 
prepared as described earlier [3]. All lipids (besides oxidized choles- 
terol) were analyzed by thin-layer chromatography and found to 
be pure. For the electrical measurements Ag/AgC1 or platinized 
platinum electrodes (if no chloride was present) were inserted in 
the aqueous compartments on both sides of the membranes. The 
stationary current measurements were performed with a Keithley 
610 C electrometer. For the conductance-fluctuation experiments, 
a Keithley 427 preamplifier was used. The amplified signal was 
monitored with a Tektronix 5115/5A22 storage oscilloscope and 
recorded with a stripchart recorder. The rise time of the single 
fluctuations (steps) in the fluctuation measurements was limited 
by the bandwidth of the preamplifier and was between 0.3 and 
3 msec, depending on the amplification. 

Results 

Macroscopic Conductance Measurements 

A strong conductance  increase of lipid bilayer mem-  
branes  was observed when one of the three porins  
were added to the aqueous  phase prior to m e m b r a n e  
fo rmat ion  or after the membranes  had tu rned  black. 
A n  example of the first case is given in Fig. 1. A 
m e m b r a n e  from oxidized cholesterol /n-decane was 
formed in a solut ion of 1 M KC1 and  4.7 x 10-I~ 
por in  tr imers f rom strain SH 5551 (40 K). After  the 
m e m b r a n e  had  tu rned  completely black (arrow in 
Fig. 1), a s trong conduc tance  increase with t ime was 
observed. In  these experiments a s tat ionary conduc-  
tance level could no t  be reached and the m e m b r a n e  
conduc tance  increased con t inuous ly  unt i l  m e m b r a n e  
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Fig. 1. Specific membrane  conductance 2 as a function of t ime 
t after the formation of  the membrane  from oxidized cholesterol 
in n-decane. The arrow indicates when the membrane  was 
completely black. The aqueous phase contained 4.7 x 10- l~ tri- 
mers f rom SH 5551 (40K), 2 .5x  10-7g/ml SDS and 1 M KCI; T =  
25 ~ ; V~ = 10 mV. For  experiments of  the same type the reproduc- 
ibility of  2 (t) was about  + 30% 
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Fig. 2. Specific membrane  conductance 2 as a function of the 
protein concentration cp of SH 5551 trimers (40K) and 
oligomers in the aqueous  phase. Membranes  were formed from 
oxidized cholesterol dissolved in n-decane. The aqueous phase con- 
tained 1 M KCI and a SDS-concentration, which was always less 
than 5 x 10-7g/ml;  T = 2 5  ~ U = I 0  mV. The single points  repre- 

sent the data from at least 4 membranes  measured 20 rain after 
blackening 

breakage. This behavior did not change whether the 
porins were added into one or both aqueous com- 
partments. In addition, the use of the different porin 
trimers and oligomers (complex I) did not result in 
an alteration of the time course of the conductance 

increase. However, the absolute level of the conduc- 
tance at a given time was somewhat dependent on 
the type of the trimers (38K, 39K or 40K) and it 
was considerably lower when oligomers were used. 
In experiments with porin oligomers from E. coli the 
concentration of the detergent used showed a large 
influence on the incorporation of porin and therefore 
on the conductance increase [3]. A similar effect was 
not found for Salmonella porins. 

The most striking difference from the experiments 
using porin oligomers from E. coli is the observation 
that porin trimers and oligomers from Salmonella 
showed a linear relationship between the conductance 
at a certain time (usually 20 min) after blackening 
and the protein concentration in the aqueous phase. 
With E. coli porin, the corresponding conductance 
increase was largely independent of protein concen- 
tration [3]. Figure 2 shows a concentration depen- 
dence of the macroscopic conductance in the presence 
of 1 M KC1 and a different concentration of porin 
trimers and oligomers from strain SH 5551 (40K). 
As can be seen, there is a linear dependence of the 
conductance on the protein concentration in the 
aqueous phase. The conductance in the presence of 
the oligomers is about a factor of ten lower than 
in the presence of trimers. This difference can in prin- 
ciple be explained by the assumption that a certain 
amount of free trimers are present in the oligomers 
or that the oligomers may dissociate slowly into tri- 
mers in the aqueous phase with a rate that is a linear 
function of the protein concentration. On the other 
hand, some porin-trimers in the oligomeric aggregate 
may only produce ion conductance, while the others 
may simply be aggregated on the surface of the con- 
ducting trimers and do not contribute to the conduc- 
tance. A similar dependence of the conductance on 
the protein concentration was also found for the other 
porin trimers and oligomers (strains FIN 407 (39K) 
and HN 6017 (38K) (Fig. 3)). However, in the case 
of 39K porin (HN 407) and the 38K porin (HN 6017) 
the conductance in the presence of the oligomers was 
only a factor of 3 and 5 lower, respectively. The rea- 
son for this difference is not clear, but the above- 
mentioned explanations may well be dependent on 
the type of porin. 

The magnitude of the conductance increase in the 
presence of the porins from Salmonella was strongly 
dependent on lipid composition of the membrane 
(Fig. 4). With membranes made from oxidizied cho- 
lesterol (ox. chol) or of monoolein the conductance 
2 in the presence of the porins is by several orders 
of magnitude larger than that of the membrane in 
the absence of porins. A much smaller increase of 
the conductance in the presence of porin trimers from 
the strain TA 1014 is observed (in the given time 
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Fig. 3. Specific membrane conductance 2 as a function of the 
protein concentration c e in the aqueous phase. Trimers and oligo- 
mers of the strains HN 6017 (38K) and HN 407 (39K) were added 
to an aqueous solution of 1 M KC1 bathing the membranes from 
oxidized cholesterol in n-decane; T=25~ U=10mV. The 
concentration of SDS in the aqueous phase was always less than 
5 x 10-Vg/ml. The results were derived from at least 4 membranes 
20 min after blackening 
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Fig. 4. Specific membrane conductance Z as a function of the 
protein concentration cp of trimers from the strain TA 1014 (38K, 
39K and 40K) in the aqueous phase. The membranes were formed 
from different lipids dissolved in n-decane. The aqueous phase 
contained 1 M KC1 and less than 5 x 10-6g/ml SDS. The results 
were derived from at least 4 membranes 20 rain after blackening; 
T=25 ~ Vm =10 mV 
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Fig. 5. Current vs. voltage characteristic of an oxidized cholesterol 
membrane doped with 4.7 x 10-1tM porin trimers from strain 
TA 1014 (38K, 39K and 40K). The aqueous phase contained 1 M 
KC1 and 5 x 10- Sg/ml SDS. The results from two different mem- 
branes are shown; T=25 ~ 

of  the exper iment ,  20 min) with bra in-PS,  egg-PC, 
and egg-PE (F ig  4). But also in these cases a l inear  
dependence  o f  the  conduc tance  on  the p ro te in  concen-  
t r a t ion  was observed.  

The  effect of  salt  concen t ra t ion  on  Z was s tudied 
by  measur ing  the conduc tance  20 rain after  the fo rma-  
t ion o f  the m e m b r a n e s  at  a given p ro te in  concent ra -  
t ion.  I t  was found  tha t  the conduc tance  is a l inear  
func t ion  of  salt  concen t r a t i on  wi th in  the  l imit  of  the 
exper imenta l  error .  This  showed tha t  the rate  of  in- 
c o r p o r a t i o n  of  the  p ro t e in  was no t  dependen t  on the 
aqueous  salt  concen t ra t ion ,  a resul t  which m a y  indi-  
cate  tha t  the in te rac t ion  of  the  p ro te in  with a mem-  
brane  is of  h y d r o p h o b i c  nature .  F igu re  5 shows a 
current  vol tage  behav io r  o f  two m e m b r a n e s  f rom ox- 
id ized choles te ro l /n -decane  in the presence o f  por in  
t r imers  f rom the s t ra in  T A  1014 (38K, 39K and  40K). 
As  can be seen f rom Fig.  5 the  m e m b r a n e  current  
was a l inear  func t ion  o f  the app l i ed  vo l tage  up  to 
at least  150 inV. F o r  shor t  vol tage  pulses in the few 
mi l l i second range,  this cou ld  be p roved  up  to  300 inV. 
The  conduc tance  after a vo l tage  j u m p  of  100 mV 
showed only a small  increase in the t ime range  be- 
tween 1 msec and  several  seconds.  These  exper iments  
showed tha t  the  p roper t i e s  o f  the single conduc tance  
unit  are v i r tua l ly  i ndependen t  o f  voltage.  

Single-Channel Experiments  

W h e n  por ins  f rom Salmonella were a d d e d  in low 
concen t ra t ions  (10-11 to 10-12M) to the  aqueous  so- 
lut ion,  the  m e m b r a n e  conduc tance  s ta r ted  to  increase  
in a stepwise fashion.  A n  example  for  the po r in  tri- 
mers  f rom strain  SH 5551 (36K) is given in Fig. 6. 
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Fig. 6. Stepwise increase of the membrane current after the addition 
of 9 x 10 HM porin trimers from strain SH 5551 to the aqueous 
phase containing 0.1 M NaC1; T=25 ~ The membrane was 
formed from a 1% (wt/vol) solution of egg-phosphatidylcholine 
in n-decane. The applied voltage was 50 mV; the current prior 
to the addition of porin was about 0.1 pA. The bandwidth of 
the measurements was 1 kHz. The record starts at the left end 
of the lower trace and continues in the upper trace 

Fig. 8. Oscillographic record of current fluctuations in the presence 
of about 10-12M porin trimers from strain HN407 (39K). The 
record begins about 5 min after the addition of the porin to the 
aqueous phase at the lower left-hand side of the record. The mem- 
brane was formed from oxidized cholesterol in n-decane; the 
aqueous phase contained 1 M NaC1; T=25 ~ The applied voltage 
was 50 mV~ and the bandwidth of the experiment was 3 kHz 

Fig. 7. Fluctuations of the membrane current in the presence of 
about 10- lzM porin trimers from strain HN 6017 (38K). The record 
begins about 10 min after the addition of the protein, and t9 pores 
are open at the start of the record (left-hand side). The membrane 
was formed from oxidized cholesterol in n-decane; the aqueous 
phase contained 1 N KC1; T=25 ~ The applied voltage was 
50 mV, and the bandwidth of the experiment was 3 kHz 

The occurrence o f  these steps is specific for one of  
t h e p o r i n  trimers and is no t  seen when only the deter- 
gent SDS is present in a concentra t ion equivalent 
to that  in the por in  experiments. In addition, at these 
SDS concentra t ions  alone no conductance  increase 
was observed and the noise level o f  the background  
conductance  was not  altered. The magni tude  o f  the 
conductance  steps was no t  changed when one of  the 
different porins was added  only to one side of  the 
membrane  or to bo th  sides. In  both  cases no change 
in the scatter o f  the experimental da ta  could be 
detected. As can be seen f rom Fig. 6, mos t  steps were 
directed upwards,  whereas terminat ing events are 
rarely observed, an observat ion which has also been 
found  for E. coli porins [3]. However ,  when about  
20 to 30 pores are open and a quasi-s tat ionary level 
o f  the number  of  open pores was reached (Fig. 7), 
the pores fo rmed f rom Salmonella porins seem to 
close more  often than those o f  E. coli porin [3]. F r o m  
records extending over a long time, the average life- 

time of  the single conduct ive unit may  be estimated 
to be in the order  o f  1 to more  than 5 rain, varying 
somewhat  for  the part icular  porin. The shortest  life- 
time ( ~  1 min) was found for the porin trimers of  
strain H N  6017 (38K), whereas the longest ( ~  5 min) 
for trimers f rom strain SH 5551 (40K). The short 
lifetime of  pores f rom trimers o f  H N  6017 (38K) and 
H N  407 (39K) is hard  to understand.  

Changes  in the salt concentra t ion and in the lipid 
composi t ion  had no influence on the lifetime of  the 
single conductance  unit, a l though in the case o f  mem- 
branes f rom brain-PS, egg-PC, and especially egg-PE 
much  more  protein (in the order  o f  10-l~ had to 
be added in order  to obtain  a reasonable number  
o f  pores. The risetime o f  the single conductance  step 
was always faster than the time resolution o f  the pre- 
amplifier. Figure 8 shows that  within a time resolu- 
t ion o f  about  0.5 msec the conductance  rise and fall 
was always smooth  without  any indication o f  smaller 
intermediate steps. 

Similar to the finding with E. coli porin [3~, the 
single conductance  increments are not  un i fo rm in size 
but  distribute over a certain range (Figs. 6-8). Histo- 
grams of  the conductance  steps observed with the 
different Salmonella porins are presented in Fig. 9. 
As can be seen f rom Fig. 9, the distr ibution of  the 
conductance  increments is quite similar for the differ- 
ent species o f  Salmonella porins. In  each case there 
was at least a factor  o f  three f rom the smallest conduc-  
tance step to the largest one. In addition, the histo- 
gram of  the porin trimers f rom the strain TA 1014 
(38K, 39K and 40K) shows a broader  distribution 
o f  pores than the his tograms o f  the trimers containing 
single species o f  polypeptides (Fig. 9). 
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Porin Lipid/solvent Salt Aon non Aorf noel 
nS  n S  

HN 6017/1 (38K) Ox. chol./Clo LiC1 0.97 452 0.99 99 
NaC1 1.5 658 1.3 165 
KC1 2.4 369 2.1 38 
NH4CI 2,5 361 2,3 189 
RbC1 2.3 350 2.1 232 
CsC1 2.1 582 2.0 371 

HN 6017/2 KC1 2.5 317 2.2 72 

HN 407 (39K) LiC1 1.1 148 1.1 111 
NaC1 1.6 187 - - 
KC1 2.2 399 2.1 270 
NH4C1 2,6 255 - - 
RbC1 2,2 428 2.1 395 
CsC1 2,4 534 2.5 433 

HN 407/2 KC1 2.2 340 1.8 142 

SH 5551/1 (40K) LiC1 0,90 503 0.78 134 
NaCI 1.8 484 - - 
KCt 2.4 948 -- -- 
NH~CI 2.6 329 - - 
RbCI 2.2 196 - - 
CsC1 2.3 249 - - 

SH 5551/2 KC1 2.3 459 - - 

SH 5551/1 Egg-PC/Clo NaCI 1.4 96 - - 
Brain-PS/Clo NaCI 2.0 138 - - 
M ono olein/C 10 KC1 2.5 119 - - 
Monoolein/C16 KC1 2.4 142 - - 
Egg-PC/C1 o KC1 2.3 131 - 
Egg-PE/C 1 o KC1 2.2 48 - - 
Brain-PS/C 10 KC1 2.7 149 - - 

Ta 1014/1 Ox. chol./Clo LiC1 1.0 149 - 
NaCI i .8 223 
KCI 2.1 185 - - 
NH~C1 2.3 169 
RbCI 2.1 150 - - 
CsCI 2.2 155 

Average conductance increments -4o, and Aoff for different porins from Salmonella typhimurium and different 1 
alkali chlorides, The membranes were formed from the lipids as indicated. The lipids were dissolved either in n- 
decane (C 10) or in n-hexadecane (C 16); T= 25 ~ U = 50 mV. non or noff are the numbers of events from which Ao~ 
and Zi_o**. have been calculated. 

T a b l e  1 p r e s e n t s  t h e  r e s u l t s  o f  s i n g l e - c h a n n e l  ex-  

p e r i m e n t s  w i t h  a v a r i e t y  o f  d i f f e r e n t  a l k a l i  c h l o r i d e s  

a n d  l ip ids  in  t h e  p r e s e n c e  o f  t h e  t r i m e r s  ( d e n o t e d  

a s / 1 )  a n d  t h e  o l i g o m e r s  ( d e n o t e d  as  /2). A s  c a n  b e  

seen ,  t h e r e  w a s  in  a l l  cases  l i t t l e  d i f f e r e n c e  b e t w e e n  

t h e  s i n g l e - c h a n n e l  c o n d u c t a n c e s  f o r  t h e  d i f f e r e n t  po -  

r i n  species .  O n l y  in  t h e  ca se  o f  LiC1 a n d  N a C 1  Ao, 
w a s  s o m e w h a t  l o w e r  t h a n  f o r  t h e  o t h e r  a l k a l i  ch lo -  

r ides .  Bes ide s  fo r  LiC1, t he  s a m e  r a t i o  b e t w e e n  p o r e  

c o n d u c t a n c e  Aon a n d  spec i f ic  c o n d u c t a n c e  o f  t h e  b u l k  
a q u e o u s  p h a s e  G w a s  f o u n d  (see also T a b l e  2). T h i s  

r e s u l t  i n d i c a t e s  t h a t  t h e  p o r i n  p o r e s  b e h a v e  l ike  a 

c h a n n e l  w i t h  a b u l k  a q u e o u s  p h a s e .  

A s  m e n t i o n e d  b e f o r e ,  p o r e s  f o r m e d  f r o m  t h e  p o -  

r i n s  o f  Salmonella ( e spec ia l ly  H N  6017 ( 3 8 K )  a n d  

H N  407 ( 3 9 K ) )  s w i t c h  o f f  o c c a s i o n a l l y .  T h e r e f o r e  it 

w a s  a l so  p o s s i b l e  t o  d e t e r m i n e  m a g n i t u d e  a n d  d i s t r i -  

b u t i o n  o f  t h e  s w i t c h i n g  o f f  o f  t h e  p o r e s  ( T a b l e  1). 

A s  c a n  b e  seen  f r o m  t h e  a v e r a g e  c o n d u c t a n c e  i n c r e -  

m e n t  Ao~f, t h e r e  is n o  d i f f e r e n c e  in  t h e  c o n d u c t a n c e  

b e t w e e n  a n  o p e n i n g  p o r e  a n d  a c l o s i n g  po re .  T h e  

n u m b e r  o f  c l o s i n g  p o r e s  s h o w s  t h a t  t h e  l i f e t ime  o f  

p o r e s  f r o m  t r i m e r s  o f  t h e  s t r a i n s  H N  6017 a n d  
H N  407 lies w i t h i n  t he  d u r a t i o n  o f  a s i n g l e - c h a n n e l  

e x p e r i m e n t  ( a b o u t  15 ra in ) ,  w h e r e a s  t h e  l i f e t ime  o f  

a S H  5551 p o r e  is so l o n g  t h a t  a s u f f i c i e n t  n u m b e r  
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Fig. 9. Histogram of the conductance fluctuations observed with 
membranes from oxidized cholesterol in the presence of (A): tri- 
mers from strain HN 6017 (38K), %,=658; Ao,= 1,5 x 10-9S (1 M 
NaC1); (B): trimers from strain HN 407 (39K), non= 187; /Ion= 
1.6 x 10-9S (1M NaC1); (C): trimers from strain SH 5551 (40K), 
non =484; Ao. = 1.8 x 10 -9 S (1 M NaC1); (D): trimers from strain 
TA 1014 (38K, 39K and 40K), non=223; Ao,=I.Sxl0-gs (1M 
NaC1). The applied voltage was 50 mV 
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Fig. 10. Average conductance increment Aon as a function of NaC1 
concentration in the aqueous phase; T=25 ~ U=50 mV. Ox- 
idized cholesterol/n-decane membranes. The aqueous phase con- 
tained about 10-12M porin trimers from strain SH 5551 (40K) 
and 10- 9g/ml SDS 

of closing pores could not be recorded. The reason 
for this different behavior is not clear, but we do not 
think that it has any physiological relevance. The 
lipid composition of  the membranes had no influence 
on the magnitude of pore conductance in the case 
of trimers of  SH 5551. However, the pore forming 
activity of the porin trimers was drastically reduced 
in membranes from some lipids and more than two 
orders of magnitude more protein had to be added 
to the aqueous solutions in these cases in order to 
receive a reasonable number of pores within a given 
time range of a single channel experiment (15 min). 
It is interesting to note that the lowest activity of 
porin was observed for membranes from phos- 
phatidylethanolamine, the major lipid of  gram-nega- 
tive bacteria. 

The pore conductance was pH independent and 
between pH 3 and pH 9 the same activity of porin 
trimers from strain SH 5551 was observed, The same 
results were also found for single-channel experi- 
ments. In membrane from oxidized cholesterol/n-de- 

cane /io, had the following values for the different 
pH and 1 ~ KCI: 

pH 9:Aon=2.3 nS (no.=343) 

pH 6 :Aon=2.4 nS (no,=948) 

pH 3:Aon=2.1 nS (no,=310). 

This result was quite different from those results ob- 
tained with E. coli porin [4]. There a strong influence 
of the pH on single-channel conductance was 
observed. 

Figure 10 contains the results obtained for differ- 
ent NaCl-concentrations in the aqueous phase bath- 
ing a membrane in the presence of trimers from strain 
SH 5551. The average conductance increment Ao, was 
found to be a linear function of the concentration 
of  the salt in the aqueous phase, a result expected 
for a large water-filled pore. The same conclusion 
may also be drawn from single-channel experiments 
in the presence of various electrolytes differing in 
charge and size of the anions and cations listed in 
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Table 2 

Salt c ./ton a /l/or n 
](M) /(uS) /(mS cm 1) 10-ecru 

LiC1 l 0.9 71 1.3 503 
NaC1 1 1.8 84 2, l 462 
KC1 1 2.4 112 2. I 948 
NH4C1 1 2.6 112 2.3 329 
RbCI 1 2.2 115 1.9 196 
CsC1 1 2.3 115 2.0 249 
MgC12 0.5 0.62 64 1.0 145 
CaC12 0.5 0.73 78 0.94 124 
K2SO4 0.5 1.4 76 1.8 251 
MgSO4 0.5 0.32 33 1.0 136 
Na+Hepes (pH 9) 0.5 0.39 18 2.2 431 
Tris+C1 0.5 0.38 30 1.3 196 
Tris+Hepes - (pH 8) 0.5 0.088 7.2 1.2 217 
Glucosamine + C1 1 0.60 45 1.3 119 
(pH 3) 
N(CHa)~CF 1 0.82 71 1.2 153 
N(CH 3) 2 Hepes-  0.5 0.12 15 0.80 103 
(pH 8.5) 
N(C2Hs)+ Hepes - 0.5 0.045 4.8 0.94 231 

Average conductance Aon in different salt solutions of concentra- 
tion c. The aqueous solution contained besides the salt about 
10 - l z  N trimers from SH 5551 and 10-gg/ml SDS; the pH was 
between 6 and 7, if not otherwise indicated; T= 25 ~ U=  50 mV. 
The salts with large cations and anions did not contain Na T or 
C1-. The membranes were made from oxidized cholesterol/n-de- 
cane/Ion was determined by recording a large number n o n  of  con- 
ductance steps and averaging, cr is the specific conductance of 
the aqueous phase [4], 
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Fig. 11. Average pore conductivity A]o~ of  trimers from strain 
SH 555t given as a function of the specific conductance of the 
corresponding aqueous salt concentration; T=25 ~ The data 
were taken from Table 2. The broken line corresponds to the result 
obtained with E. coli porin oligomers [4] 
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Table 2. In addition to Jio,, the specific conductance 
of o- of the aqueous phase, as well as the ratio A/a 
are given in Table 2. It is seen from the data that, 
despite a variation of /io, by a factor of about 60, 
the ratio/ion/a varies only by a factor of less than 3. 
Therefore, the single-channel conductance in the pres- 
ence of trimers of strain SH 5551 (40K) follows rea- 
sonably well the conductivity of  the aqueous phases. 
This is in principle also reflected in Fig. 11. The re- 
sults for the single-channel conductance can be fitted 
by a straight line with the slope one. Even large ions 
such as  N ( C  2 H5), ~ or Hepes-  are permeable through 
the channel. This can be derived from the high chan- 
nel conductance in the presence of the large ions and 
by measurements of diffusion potentials in the pres- 
ence of salt gradients (R. Benz, unpublished results). 
In these experiments the pore of SH 5551 (40K) was 
at neutral pH about three times more permeable for 
cations (glucosamine, Tris +, N(C2 H5)2, Na +) than 
for anions (C1-, Hepes-) .  N(C2 Hs)~ has a nearly 
spherical shape with a diameter of 0.75 nm, Hepes-  
may be represented as an ellipsoid with axes of 1.4, 
0.6 and 0.5 nm. If it is assumed that the pore is a cylin- 
der with spherical cross-sections and is filled with 
an aqueous solution of the same conductance as the 
external bulk phase, according to 

A=a~zr 2 /1 (1) 

the average pore diameter d ( =  2r) may be calculated 
for a certain length of the pore 1_ Assuming a pore 
length of 7.5 nm (corresponding to the thickness of 
the outer membrane), which seems to be likely [10, 
21], the pore diameter d is calculated to be about 
1.4 nm. This value for the diameter of the pore is 
a little larger, as has been found for the porin pore 
of E. coli [3, 4]. The finding that ions like Hepes-  
are permeable through the channel is consistent with 
the estimate of the channel diameter. 

Discussion 

The experiments described here show that the porins 
from Salmonella are able to form pores in lipid bilayer 
membranes similar to those of the porins and the 
)~-receptor of E. eoli [3, 4, 6]. The conductance in- 
creased several orders of magnitude, and moreover 
at very low protein concentrations in the aqueous 
phase the conductance of the membrane increased 
in discrete steps. This finding indicates that the single 
conductance unit consists in the formation of chan- 
nels. The single-channel conductance for a porin pore 
from Salmonella is about 2.3 nS in I M KC1. Assuming 
a pore length of 7.5 nm (which seems to be very likely 
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[35]) and that the pore is filled with a solution of 
the same specific conductance as the external solution, 
the pore diameter is calculated to be 1.4 nm. This 
diameter is large enough to account for the permeabil- 
ity, which has been found for the nonelectrolytes in 
outer membranes [22] and reconstituted vesicles [15, 
27]. In addition, for the diameter of the trisaccharides, 
which have been found to be partially permeable 
through the pores in our experiment [17], a value 
of at least 1.0 nm may be obtained from molecular 
models. 

The results presented here support the assumption 
of a large water-filled pore formed by porins from 
Salmonella typhimurium. For instance, the current vs. 
voltage characteristic of a wide, unselective channel 
should be ohmic, a behavior observed for the ala- 
methicin channel [7]. The selectivity of the pores was 
found to be poor for the different porin pores. The 
single-channel conductance varied in the series LiC1 
to CsC1 by less than a factor of three, and the salt 
concentration dependence showed no saturation. The 
main result of the selectivity studies is the finding 
that the channel induced by the porin trimers from 
strain SH 5551 (40K) is permeable to ions as large 
as Hepes- or glucosamine +. From the dimension of 
these molecules a minimum diameter for the pore 
of 0.8 nm is estimated. In addition, the single channel 
conductance A is proportional to the conductance 
in the aqueous phase for all salts studied here. 

In the experiments with porin oligomers from E. 
coli, a large variety of conductance fluctuations has 
been observed [2, 3, 4]. It has been assumed that 
this originates either from different porin molecules 
(E. coli K 12 contains the porins Ia and Ib[29])or 
that the channel is an oligomeric structure composed 
of several of the 36,500-dalton subunits of the single 
porin molecule and the number of subunits may vary 
from channel to channel similar to that found for 
the alamethicin channel [19]. According to the results 
presented here for the channels formed from Sal- 
monella, both explanations seem to be rather unlikely 
to account for the broad distribution found for Sal- 
monella channels. First, the porin trimers are obtained 
from strains which contain only one porin species 
(38K, 39K or 40K) and second, porin trimers from 
E. coli are rather stable and considerable energy is 
needed to dissociate them into monomers [36]. The 
same may also be valid for porins from Salmonella. 
In addition, isolated monomers have been found to 
be completely ineffective in the vesicle permeability 
assay [36]. The observation that the conductance of 
the single channel does not depend on the composi- 
tion and thickness of the membrane suggests that 
the pore is longer than the thickness of all membranes 
used here. This result is in agreement with the assump- 

tion that the porin molecules should span about 
7.5 nm [10, 21, 35; T. Tanake, M. Ueki, and T. Nakae 
to be published]. 

In the case of porin oligomers from E. coli, the 
macroscopic conductance has been found to be inde- 
pendent of protein concentration in the aqueous 
phase down to 2 ng/ml [2, 3]. The results described 
here (i.e., a linear dependence of conductance on 
protein concentration) may be explained by the as- 
sumption that the trimers from S. typhimurium are 
fairly stable in the aqueous phase and show no aggre- 
gation tendency. They interact with the lipid bilayer 
membrane presumably by hydrophobic interaction 
and the rate of the adsorption to the membrane is 
a linear function of the concentration in the aqueous 
phase. In the case of the oligomers it may well be 
that they either contain a certain amount of trimers 
and the exchange between oligomers and trimers is 
slow or that the release of trimers from oligomers 
is directly related to the concentration of oligomers. 
Both assumptions are able to explain the finding that 
the conductance in the presence of the oligomers is 
a fixed fraction of the conductance in the presence 
of trimers. 

The reconstitution rate was found to be strongly 
dependent on the type of the lipid used for membrane 
formation, whereas the conductance of the single con- 
ductance unit, the trimer, was independent from the 
lipid. Considering the different lipids, it is evident 
from the results with membranes from phosphatidyl- 
ethanolamine (the major lipid of gram-negative bac- 
teria) that the reconstitution of porin trimers with 
lipid bilayer membranes is not a question of a specific 
lipid-protein interaction. Highest reconstitution rates 
were observed with lipids with a small polar head- 
group; therefore it seems likely that the insertion of 
porin trimers in the membrane is governed by a ki- 
netic process. Porin trimers have approximately a 
cross section of about 50 nm 2 [9, 21, 35]; that means 
that 100 lipid molecules (area 0.5 nm 2) on each side 
of the membrane were replaced by one single trimer. 
It is not known how large the surface pressure is in a 
lipid bilayer membrane. However, assuming a value of 
20 dyn/cm for the surface pressure, an energy of 
1.2 x 106 J/tool is needed for the insertion of mole- 
cules with 8 nm diameter into the membrane, lit is 
easy to imagine that cells have developed a special 
mechanism for the insertion of protein into mem- 
branes [10, 25]. Pores obtained from E. coli porin 
have also been studied in experiments with lipid bi- 
layer membranes [28] formed by a different technique. 
In these experiments planar bilayers have been formed 
from reconstituted vesicles. However, no pores were 
found to be open at zero voltage [28] and a consider- 
able potential difference was needed to switch on 
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(Vm > 100 mV) and to switch off (Vm > 200 mV) the 
pores [28]. In our experimental approach no voltage 
dependence of pore conductance and pore lifetime 
was observed either for E. coli porins [3] nor for 
the results with Salmonella porins reported here. A 
voltage dependence for opening and closing pores in 
vivo is difficult to understand. The channel density 
in the outer membrane of bacteria is very high 
(1012 pores/cm 2 [10, 21]) and the specific resistance 
very low (10 -2 (~ cm 2 in 0.1 M salt). Assuming a 
specific capacity of 1 IxF/cm 2 for the outer membrane, 
the RC-time constant is 10 nsec and a potential differ- 
ence across this membrane will drop to zero within 
1 ~tsec. Similar considerations apply to the action of 
Donnan potentials, which were found to be in the 
order of 20-30 mV across the outer membrane (nega- 
tive inside) [33]. Therefore, we believe that a voltage- 
gated pore in the outer membrane of gram-negative 
bacteria is rather unlikely. 

It is still on open question whether one porin 
trimer contains three pores [21] or only one pore 
[i0]. According to our results, it seems more likely 
that one porin trimer contains only one pore. In the 
case of three pores, the diameter of one single pore 
would be only about 0.8 nm (pore length 7.5 nm, 1 M 
KC1), and this value seems to be too small to account 
for the permeability of large sugars through the porin 
channel. The finding that porin monomers are not 
able to increase the permeability for sugars, although 
their structure seems not to be changed [19], seems 
to support this hypothesis. However, at present it 
cannot be excluded that the conductance of the porin 
pore is considerably lower than the size of the channel 
would predict. In this case, the data presented here 
would also agree with three channels in one trimer 
of porin molecules. 

The authors wish to thank Dr. P. L/iuger for interesting discussions, 
Dr. W. Boos for a critical reading of the manuscript, and Mrs. 
R. Dieterle for excellent technical assistance. This work was 
supported by the Deutsche Forschungsgemeinschaft (Sonderfors- 
chungsbereich 138) and by grants from the Ministry of Education 
of Japan (to T.N.) 

References 

1. Ames, G.F., Spudick, E.N., Nikaido, H. 1974. Protein compo- 
sition of the outer membrane of Salmonella typhimurium: Effect 
of lipopolysaccharide mutations. J. Bacteriol. 117:406 

2. Benz, R., Boehler-Kohler, B.A., Dieterle, R., Boos, W. 1978. 
Porin activity in the osmotic shock fluid of Escherichia coli. 
J. Bacteriol. 135:1080 

3. Benz, R., Janko., K., Boos, W., L/iuger, P., 1978. Formation 
of large, ion-permeable membrane channels by the matrix 
protein (porin) of Escherichia coll. Biochim. Biophys. Acta 
511:305 

4. Benz, R., Janko, K., Lfiuger, P. 1979. Ionic selectivity of pores 
formed by the matrix protein (porin) of Eseherichia coll. Bio- 
chim. Biophys. Acta 551:238 

5. Benz, R., Stark, G., Janko, K., L/iuger, P. 1973. Valinomycin- 
mediated transport through neutral lipid membranes: Influence 
of hydrocarbon chain length and temperature. J. Membrane 
Biol. 14:339 

6. Boehler-Kohler, B.A., Boos, W., Dieterle, R., Benz, R. 1979. 
Receptor for bacteriophage lambda of Escherichia coli forms 
larger pores in black lipid membranes than the matrix protein 
(porin). J. Bacteriol. 138:33 

7. Boheim, G. I974. Statistical analysis of alamethicin channels 
in black lipid membranes. J. Membrane Biol. 19:277 

8. Decad, G.M., Nikaido, H. 1976. Outer membrane of gram- 
negative bacteria. XII. Molecular sieving function of cell wall. 
J. Baeteriol. 128:325 

9. DiRienzo, J.M., Inouye, M. 1979. Lipid fluidity-dependent bio- 
synthesis and assembly of the outer membrane proteins of E. 
coll. Cell 17:155 

10. DiRienzo, J.M., Nakamura, K., Inouye, M. 1978. The outer 
membrane of gram-negative bacteria: Biosynthesis, assembly 
and function. Annu. Rev. Biochem. 47:481 

11. Henning, U., H6hn, B., Sonntag, J. 1973. Cell envelope and 
shape of Escherichia coli K12. The ghost membrane. Eur. J. 
Biochem. 39: 27 

12. Konigs, W.N. 1977. Active transport of solutes in bacterial 
membrane vesicles. Adv. Microb. Physiol. 15:175 

13. Lutkenhans, J.F. 1977. Role of a major outer membrane 
protein in Escherichia coli. J. Bacteriol. 131:63l 

14, Mizushima, S., Yamada, H. 1975. Isolation and characteriza- 
tion of two outer membrane preparations from Escherichia 
coli. Biochim. Biophys. Acta 375:44 

15. Nakae, T. 1975. Outer membrane of Salmonella typhimurium: 
Reconstitution of sucrose-permeable vesicles. Biochem. Biophys. 
Res. Commun. 64:1224 

16. Nakae, T. 1976. Identification of the outer membrane protein 
of Escherichia coli that produces transmembrane channels in 
reconstituted vesicle membranes. Biochem. Biophys. Res. Com- 
mun. 71 : 877 

17. Nakae, T. 1979. Outer membrane of Salmonella: Isolation of 
protein complex that produces transmembrane channels, J, 
Biol. Chem. 251:2176 

18. Nakae, T., Ishii, J., 1978. Transmembrane permeability chan- 
nels in vesicles reconstituted from single species of porins from 
Salmonella typhimurium. J. Bacteriol. 133:1412 

19. Nakae, T., Ishii, J., Tokunaga, M. 1979. Subunit structure 
of functional porin oligomers that form permeability channels 
in the outer membrane of Escherichia coli. J. Biol. Chem. 
254:1457 

20. Nakae, T., Nikaido, H. 1975. Outer membrane as a diffusion 
barrier in Salmonella typhimurium. J. Biol. Chem. 250:7359 

21. Nikaido, H. 1979. Permeability of the outer membrane of bac- 
teria. Angew. Chem. Int. Ed. Engl. 18:337 

22. Nikaido, H., Song, S.A., Shaltiel, L., Nurmineu, M. 1977. 
Outer membranes of Salmonella. XIV. Reduced transmem- 
brane diffusion rates in porin-deficient mutants. Biochem. 
Biophys. Res. Commun. 76:324 

23. Nixdorf, K., Fitzer, H., Gmeiner, J., Martin, H.H. 1977. Re- 
constitution of model membranes from phospholipid and outer 
membrane proteins from Proteus mirabilis: Role of proteins 
in the formation of hydrophilic pores and protection of mem- 
branes against detergents. Eur. J. Biochem. 81:63 

24. Nurminen, M., Lounatmaa, K., Sarvas, M., M~ikelfi, P.H., 
Nakae, T. 1976. Bacteriophage-resistant mutants of Salmonella 
typhimurium deficient in two major outer membrane proteins. 
J. Bacteriol. 127:941 

25. Palva, E.T., Randall, L.L. 1978. Arrangement of protein I 



R. Benz, J. Ishii, and T. Nakae: Salmonella Porins in Lipid Bilayers 29 

in Escherichia coli outer membrane: Cross-linking studies. J, 
Bacteriot. 133:279 

26. Rosenbusch, J.P. 1974. Characterization of the major envelope 
protein from Escherichia coli. J. Biol. Chem. 249:8019 

27. Sanders, H. 1967. Preparative isolation of phosphatidyl serine 
from brain. Biochim. Biophys. Acta 144:485 

28. Schindler, H., Rosenbusch, J.P. 1978. Matrix protein from Es- 
cherichia coli outer membranes forms voltage-controlled chan- 
nels in lipid bilayer membranes. Proe. Nat. Acad. Sci. USA 
75:3751 

29. Schmitges, C.J., Henning, U. 1976. The major proteins of the 
Escherichia coli outer cell-envelope membrane: Heterogeneity 
of protein I. Eur. J. Biochem. 63:47 

30. Schnaitman, C.A. 1974. Outer membrane protein from E. coli. 
II1. Evidence that the major protein of Escherichia coli 0111 
outer membrane consists of four distinct polypeptides species. 
J. Bacteriol. 183:442 

31. Singleton, W.S., Gray, M.S., Brown, M.L., White, J.L. 1965. 
Chromatographically homogeneous lecithin from egg phospho- 
lipids. J. Am. Oilchem. Soc. 42:53 

32. Steven, A.C., Heggeler, B. ten, Mfiller, R., Kistler, J., Rosen- 

busch, J.P. 1977. Ultrastructure of a periodic protein layer 
in the outer membrane of Escherichia coli. Jr. Cett Biol. 72:292 

33. Stock, J.B., Rauch, B., Roseman, S. 1977. Periplasmic space 
in Salmonella typhimurium and Escherichia coli. J. Biol. Chem. 
252: 7850 

34. Tokunaga, H., Tokunaga, M., Nakae, T. 1979. Characteriza- 
tion of porins from the outer membrane of Salmonella typhimu- 
rium. Eur. J. Biochem. 95:433 

35. Tokunaga, M., Tokunaga, H., Okajima, Y., Nakae, T. 1979. 
Characterization of porins from outer membrane of Salmonella 
typhimurium. 2. Physical properties of the functional oligomers 
aggregates. Eur. J. Biochem. 95:441 

36. Ueki, T., Mitsui, T., Nikaido, H. 1979. X-ray diffraction studies 
of outer membranes of Salmonella typhimurium. J. Biochem. 
85:173 

Received 21 November 1979; revised 27 February 1980 


