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Osmotic shock fluid of Escherichia coli exhibited pore-fonming activity. This
activity could be followed by an in vitro assay based on the conductivity increase
for ions due to the presence of pores in black lipid membranes. The histogram
(the distribution of conductivity increments in a single pore experiment) obtained
with osmotic shock fluid from E. coli was identical to the histogram obtained by
detergent-solubilized porin isolated from the outer membrane. The osmotic shock
fluid from porin-negative mutants also exhibited pore activity, although the
histogram and ion specificity were different from those of porin. Antibodies raised
against detergent-solubilized porin were able to form precipitin lines by the
Ouchterlony immunodiffusion technique when shock fluids, but not detergent-
solubilized porin, were used. These antibodies prevented the formation of pores
when shock fluids contained porin but not when shock fluids obtained from porin-
negative mutants were used. Macroscopic membrane conductivity of shock fluids
due to porin exhibited a concentration dependence, in contrast to detergent-
solubilized porin. These results indicate that the hydrodynamic properties of
periplasmic or "soluble" porin are different from those of the detergent-solubilized
porin of the outer membrane. Periplasmic porin comprises about 0.7% of total
protein in the osmotic shock fluid.

The cold osmotic shock procedure pioneered
by the work of Neu and Heppel (44) has been
used to operationally define the periplasmic
space (39) and, thus, periplasmic proteins (21,
22, 47, 54). These proteins are water soluble and
considered to be located outside the cytoplasmic
membrane, even though some cytoplasmic pro-
teins may be released under certain conditions
(25). Most of the studies on the localization of
periplasmic proteins have been done with alka-
line phosphatase (9. 13, 27, 36, 38) as well as
with substrate-binding proteins (43, 50) that are
part of active transport systems (5, 47). In par-
ticular, studies on the biosynthesis of peri-
plasmic proteins indicate that they are synthe-
sized through the cytoplasmic membrane and
are thus located exclusively outside the osmotic
barrier of the Escherichia coli cell (51, 60, 62).
The outer limit of the periplasmic space is less
well defined (11, 37). In particular, it is not clear
to what extent periplasmic proteins may interact
or may even be part of the outer membrane (16,
37).
This outer membrane of gram-negative bac-

teria such as E. coli is rather complex, being
composed ofphospholipids, lipopolysaccharides,
and proteins (15, 45, 56). Via one of the major
outer membrane proteins, the murein lipopro-
tein, this structure is covalently linked to the
underlying peptidoglycan network (8). However,

this lipoprotein also occurs in a form not linked
to murein (24), but it is still part of the outer
membrane (8).

In recent years numerous studies have con-
centrated on the proteins that are contained in
the outer membrane. The evidence for their
location is essentially the separation of the outer
membrane by density gradient centrifugation of
lysed spheroplasts (46) or by solubility proper-
ties of total membranes in Triton X-100 (58, 59).
By using sodium dodecyl sulfate (SDS)-poly-
acrylamide gel electrophoresis, the major outer
membrane proteins have been analyzed by sev-
eral groups of investigators (7, 10, 18, 34, 55, 59,
67). They are a class of closely related proteins
that are strongly membrane bound and are only
solubilized by detergents. One of these major
outer membrane proteins, in particular, has been
studied intensively. Various investigators have
called this protein protein I (17), protein 1 (59),
protein 0-8,9 (67), protein Al, A2 (7), protein b,c
(34), matrix protein (55), and porin (41). In E.
coli B porin apparently consists of one poly-
peptide chain (35, 55), whereas in E. coli K-12
more than one closely related polypeptide may
be present (20, 23, 26, 57). The relative amounts
of these closely related polypeptide chains vary
depending on growth conditions (35), as well as
on mutations affecting the structure of the lipo-
polysaccharide (1, 28).
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Porin spans the outer membrane and can

function as a phage receptor (2, 12). Its position
in the outer membrane has been described as a
matrix based on a hexagonal lattice (63). Cross-
link experiments with intact cells as well as with
isolated cell walls indicate a dimeric (48) or

trimeric structure (49, 53).
Porin exhibits a strong affinity towards pep-

tidoglycan, since it is not released by treatment
in SDS at temperatures up to 70°C (19, 33, 55).
In addition, binding of porin to peptidoglycan is
enhanced by lipopolysaccharide (69). Also, mu-
rein lipoprotein seems to play a role in the
interaction of porin with peptidoglycan. Porin
can be released by trypsin treatment (41). Under
these conditions, murein lipoprotein is degraded
(8), whereas porin remains resistant to trypsin
(55). Also, direct interaction of murein lipopro-

tein with porin has been reported recently (30).
All these data demonstrate the tight interac-

tion of porin with the other components within
the outer membrane as well as with itself.
The outer membrane plays an important role

in the diffusion ofhydrophilic molecules into the
periplasm (R. J. Kadner and P. Bassford, in B.
P. Rosen, ed., Bacterial Transport, in press).
Recently, porin has been shown in reconstitution
experiments to function as a hydrophilic pore
mediating the passive diffusion of small mole-
cules (molecular weight, 600) through otherwise
impermeable phospholipid vesicles (40-42). The
effect of porin on increasing the permeability of
these vesicles to small molecules is reflected in
the pleiotropic effect that porin mutants have
on the transport capacity in whole cells (3).

In another paper (R. Benz, K. Janko, W. Boos,
and P. Lauger, Biochim. Biophys. Acta, in
press), we have demonstrated that detergent-
solubilized porin is able to increase the conduc-
tivity ofblack lipid membranes to ions by several
orders of magnitude. Moreover, at low concen-

tration of porin increases in single steps of con-
ductance could be observed. The distribution in
sizes of these individual conductivity increments
is characteristic for porin. In the present paper
we demonstrate that soluble periplasmic pro-
teins isolated by the osmotic shock procedure
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contain pore-forming activity due to porin and
other pore-forming proteins.

MATERIALS AND METHODS

Bacterial strains. Bacterial strains are described
in Table 1. They were grown in 500 ml of rich medium
(10 g of yeast extract, 16 g of tryptone, 10 g of sodium
chloride, and 2 g of glycerol per liter) overnight under
aerobic conditions. The porin-negative phenotype of
the porin-negative strains was routinely checked on

minimal glucose plates (by the formation of small
colonies).
Osmotic shock procedure. The cold osmotic

shock procedure was done essentially according to
Neu and Heppel (44). From 500 ml of culture, 100 ml
of shock fluid was obtained. This solution was lyoph-
ilized and resuspended in 2 ml of 10 mM tris(hy-
droxymethyl)aminomethane(Tris)-hydrochloride, pH
7.3. It was dialyzed overnight against the same buffer
and centrifuged at 100,000 x g for 1 h. The supernatant
contained between 2 and 3 mg of total protein per ml.
It was stored at -18°C.

Antiporin antibodies. Antiporin antibodies were

obtained by injecting a rabbit subcutaneously with 2
mg of cholate-solubilized porin (Benz et al., in press)
in a mixture of 1 ml of 0.1% cholate and 1 ml of
complete Freund adjuvant. After 4 weeks this injection
was repeated. Two weeks later serum containing an-

tiporin antibodies was obtained. Immunodiffusion
tests were done in preformed plates (Hyland-Immu-
noplate, pattern D). The plates were incubated for 4
h at 37°C and subsequently treated with a 2% sodium
chloride solution for 2 days. They were stained with
Coomassie brilliant blue as previously described (31).
Membrane experiments. Optically black lipid bi-

layer membranes were obtained in the usual way (4)
from a 1 to 2% (wt/vol) solution of oxidized cholesterol
in n-decane (Fluka, Buchs, Switzerland; purum). The
cell 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 mm2 (macro-
scopic conductance measurements) or 0.1 mm2 (single
fluctuation experiments). The temperature was kept
constant at 25°C throughout all experiments.
The different salts (Merck, Darmstadt, West Ger-

many; analytical grade) were dissolved in twice-dis-
tilled water without a buffer. The aqueous solutions
had a pH of about 6. Small variations in the pH had
no influence on the single fluctuations or on the mac-

roscopic conductance. Oxidized cholesterol was pre-

pared by boiling a 4% (wt/vol) suspension of choles-

TABLE 1. Bacterial strains (E. coli K-12 derivatives)
Strain Parent Genotype Porin phenotype Origin

pop 1730 Hfr G6 Hfr (malK-lamB) his + (Ia+, Ib+) M. Schwartz (52)
LA 5001 MC 4100 F- araD lac rpsL glpR, + (Ia+, Ib+) Parent described in T. J. Sil-

Mucts:glpT nalA havy et al. (61)
CM 1068 AB 2847 F+ kmt+ malT + (Iat, Ib+) K. von Meyenburg (3)
CM 1070 AB 2847 F+ kmta maltT - (Ia-, Ib-) K. von Meyenburg (3)
CM 1072 AB 2847 F+ kmt malT - (a-, lb-) K. von Meyenburg (3)

a kmt and ompB are most likely identical genetic loci (3).



1082 BENZ ET AL.

terol (Eastman; reagent grade) in n-octane (Merck;
analytical grade) for 4 h under reflux and bubbling
oxygen through the suspension (66). The membranes
from oxidized cholesterol-n-decane had a specific ca-
pacity of 0.555 AtF/cm2 and, assuming a dielectric con-
stant of 2.1, a corresponding thickness of 3.3 nm (R.
Benz, unpublished data).

For the electrical measurements, Ag/AgCl elec-
trodes were inserted in the aqueous compartments on
both sides of the membrane. In series with the elec-
trodes, a voltage source and a current amplifer were
used. For the macroscopic conductance measurement
a Keithley 150B microvolt ammeter or a Keithley
610C electrometer was used. For the conductance
fluctuation experiments a Keithley 427 current ampli-
fier and a Tectronix 5111/5A22 storage oscilloscope
(as the detecting instrument) were used. The amplified
signal at the output of the oscilloscope was recorded
with a strip chart recorder or in some cases with a tape
recorder. The bandwidth of the measurement was 300
Hz to 3 kHz. The rise time of one single step in the
fluctuation measurement was faster than 300 ps, and
within this time resolution the current rise did not
contain smaller intermediate steps.

Small samples of the concentrated solution of the
shock protein were added to the salt solutions bathing
the membrane. In the case of macroscopic conduct-
ance experiments, a final concentration of 5 ng to 5
ug of the shock proteins per ml was used. The concen-
tration used for the single fluctuation measurements
was much smaller in order to obtain only a limited
number of steps. With the shock proteins containing
porin (strains pop 1730 and CM 1068) a concentration
of 1 ng/ml was sufficient, whereas for the other shock
proteins (strains CM 1070 and CM 1072) a concentra-
tion of 5 ng/ml was needed.

In the shock solution the pore-forming activity re-
mained for at least 8 weeks, although it was necessary
after some time to stir the solution prior to use. In the
aqueous solutions of high ionic strength (0.1 to 1 M),
however, the protein lost its activity continuously and
became inactive after about 20 h. For this reason fresh
solutions were used for the membrane experiments.

Affinity column. The immunoglobulin G fraction
of serum (10 ml) was purified by the method of Liv-
ingston (32) and then coupled to cyanogen bromide-
Sepharose (Pharmacia), using the instructions sup-
plied by the manufacturer. The antibody-coupled
cyanogen bromide-Sepharose (4 ml) was then poured
into a column (0.9 by 6.0 cm) and equilibrated with
BBS (0.2 M borate, 0.5 M NaCl) buffer, pH 8. Concen-
trated shock fluid was applied, and the column was
washed with the equilibrating buffer until no more
UV-absorbing material was present in the effluent.
Upon addition of a 2-ml sample of BBS buffer, 7 M in
guanidine-HCl, a sharp UV-absorbing peak was ob-
tained in the effluent. The protein-containing fractions
were pooled and dialyzed against 10 mM Tris, pH 7.3.
SDS-gel electrophoresis was performed with the sys-
tem described by Laemmli (29).

RESULTS
Antiporin antibodies. Porin was isolated

from the outer membrane by SDS solubilization

after trypsin treatment of SDS-extracted mem-
branes (Benz et al., in press). This material was
used to raise antibodies in a rabbit. The serum
of the immunized rabbit was tested against de-
tergent-solubilized porin in the Ouchterlony im-
munodiffusion tests. No precipitin lines were
formed within the gel, but instead precipitation
with the antibodies occurred on the border of
the porin-containing well (Fig. 1). This indicates
that the porin preparation consists of large ag-
gregates that are unable to penetrate the agar.
However, surprisingly, osmotic shock fluids that
had been used as a supposedly porin-free control
gave one strong precipitin band and a second,
smaller band positioned closer to the antibody
well. Since it was possible that one of these
bands was caused by the presence of porin in the
periplasmic proteins of a set of isogenic strains,
one ofthem lacking porin (68) was tested. Figure
2 shows the corresponding immunodiffusion
tests. As can be seen, the small precipitin line
was present in all preparations, but the large
band was missing in the mutant preparations
lacking porin. This indicates that shock fluids of
wild-type strains do in fact contain porin. The
fact that the porin derived from the periplasm
diffuses into the Ouchterlony plate is evidence
for the solubility of this protein. Further evi-
dence for solubility was obtained during the
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FIG. 1. Immunodiffusion test with antiporin anti-
bodies. The wells contained the following: 1, SDS-
solubilized porin, 0.2 mg ofprotein per ml; 2, concen-
trated shock fluid (2 mg ofprotein per ml) of strain
LA 5001. The center well contained antiporin anti-
bodies. The precipitin bands were stained with Coo-
massie brilliant blue.
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FIG. 2. Immunodiffusion test with antiporin anti-
bodies. The wells contained shock fluids (2 mg of
protein per ml) from the following strains. 1, CM
1072; 2, CM 1068; 3, LA 5001; 4, CM 1070. Well 5

contained SDS-solubilized porin (0.2 mg/ml). The
center well contained antiporin antibodies.

preparation of the periplasmic proteins. Crude
shock fluids were centrifuged at 100,000 x g for
1 h, and the porin activity remained in the
supernatant under these conditions.
Pore-forming activity in osmotic shock

fluids. Concentrated shock fluid of a wild-type
strain was diluted to about 1 ng/ml and added
to the aqueous solutions bathing a black lipid
membrane. As can be seen in Fig. 3A, the mem-
brane conductance given in nanosiemens (10-9
S) or picoamperes (1012 A) starts to increase in
a stepwise fashion. The analysis of the distribu-
tion in the size of the individual conductance
increments (histogram) is shown in Fig. 4A. For
comparison, the same analysis using detergent-
solubilized porin (42; Benz et al., in press) is
depicted in Fig. 4B. Assuming that this conduct-
ance is due to the formation of hydrophilic chan-
nels, the conductivity, A, of ions through these
channels is given by A = (a X r2)/l (a = specific
conductivity of the bathing solution; I = length
of the channel). Thus, A is directly proportional
to the cross section (Or2) or the pore size. As can
be seen, both preparations give rise to the for-
mation of pores that are identical in their size
distribution. Also, no significant difference can

be seen between shock fluid preparations of

PERIPLASMIC PORIN 1083

strains LA 5001 and CM 1068 (not shown).
When antiporin antibodies were mixed with

the osmotic shock prior to the addition to the
membrane, only a few conductance steps could
be observed, the histogram of which did not
resemble porin. However, the antibodies com-
pletely prevented pore formation by detergent-
solubilized and -purified porin (not shown). In
some experiments the antibodies were added to
one or both compartments of the cell after pores
had been formed by porn. In these cases, no
decrease in the conductance was observed. How-
ever, the membranes broke 5 to 10 min after the
addition of antibodies. Apparently, this was
caused by the antibodies or other components
of the serum itself and also happened in the
absence of porin.
Shock fluids of two strains that lack porin

(CM 1070 and CM 1072) also contained pore-
forming activity, although this activity was only
obtained at protein concentrations fivefold
higher than those of shock fluids from a porin-
positive strain. The conductance steps of the
preparation of one of these strains (CM 1070) is
shown in Fig. 3B. The histograms for both
strains, CM 1070 and CM 1072, are shown in
Fig. 5B and C in comparison to the histogram of
the isogenic porin-positive strain, CM 1068 (Fig.
5A). As can be seen, both shock fluids from the
porin-negative strain contain pores that are
smaller (CM 1070) and both smaller and larger
(CM 1072) than those from porin-positive strain
CM 1068. The only difference in strainsCM 1070
and 1072 is the presence of the receptor of phage
X in CM 1072.
The differences in the pore size are also re-

flected in the average pore conductivity ex-
hibited by the different shock protein prepara-
tions, in 1 M NaCl as well as in other alkali
chlorides (Table 2).

Differences between the pores of the different
preparations are most seen with lithium and
sodium. Here, the pores of the porin-negative
strain are on the average smaller than those
from the porin-positive strains (LA 5001 andCM
1068).

Addition of anti-porin antibodies to the shock
fluids of the porin-negative strains, CM 1070 and
CM 1072, did not alter their pore-forming capac-
ity.
Macroscopic conductivity. At higher con-

centrations of osmotic shock fluids single steps
of conductance increase are no longer observa-
ble, but the conductance rise with time is
smooth. With detergent-solubilized porin this
increase in conductance is largely independent
of porin concentration (Benz et al., in press). At
a concentration of 1 ,ug/ml and measured 10 min

I
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FIG. 3. Conductance fluctuations of membranes from oxidized cholesterol-n-decane in the presence of

shock protein from strain CM 1068 (I ng ofprotein per ml) (A) and from strain CM 1070 (5 ng ofprotein per
ml) (B). The aqueous phase in both cases contained 1 M NaCi,pH 6. The temperature was 25°C. The applied
voltage was 50 mV; the current prior to the addition of shock protein was about 1 pA. The record starts in
both cases at the left ends of the lower traces and continues in the upper traces.

after black membrane formation, the shock
fluids conferred different conductivity upon the
membrane (Table 3). Here again, shock fluids of
the porin-positive strains were 5- to 10-fold more
active than those from the porin-negative
strains. When different concentrations of shock
fluids from porin-positive strains were tested, a
linear dependence between conductance and
concentration was observed in a log/log plot, the

slope of which is between 1.3 and 1.4 (Fig. 6).
Fresh preparations that had been centrifuged
but neither lyophilized nor dialyzed exhibited
slopes up to 2 (not shown).

Stability of periplasmic porin. After stor-
age for several weeks at 4°C in 10 mM Tris
buffer, a precipitate formed and the shock fluids
lost their ability to form precipitin lines in the
immunodiffusion test against antiporin antibod-
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ies. The precipitate but not the supernatants

remained active in the membrane conductivity
test. Apparently, "soluble" porin is unstable and
tends to aggregate in aqueous solutions without
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FIG. 4. Probability, P (A), of the occurrence of a

conductance step ofmagnitude A. P (A) is the number
of observed steps within an interval of width AA =

+89pS centered at A, divided by the total number of
steps. The membranes were made from 2% (wt/vol)
oxidized cholesterol in n-decane. The aqueousphase
contained 1 MNaCl,pH6; the temperature was 25°C.
The applied voltage was 50 mV. The aqueous phases
contained the following: A, shock protein from strain
LA 5001 (1 ng ofprotein per ml), A = 1.1 nS (n = 345);
B, porin solubilized in SDS (0.5 ng/ml), A = 1.2 nS
(n = 241).

loss of activity. As with detergent-solubilized
porin, periplasmic porin became irreversibly in-
activated by incubation for more than 1 day in
1 M sodium chloride.
Isolation of periplasmic porin. Shock fluid

obtained from the porin-positive strain LA 5001,
containing about 10 mg of total protein, was
poured over an affinity column with covalently
fixed antiporin antibodies. After being washed,
the column was eluted with 7 M guanidinium
chloride, releasing about 0.5 mg of protein in a

sharp peak. The protein-containing fractions
were dialyzed against 10mM Tris buffer, pH 7.2.
It contained pore-forming activity. Its histogram
is identical to that of porin (not shown). How-
ever, the initially clear solution forms precipi-
tates much faster than crude shock fluids. SDS-
polyacrylamide gel electrophoresis of this ma-

terial in comparison to detergent-solubilized po-
rin as well as to shock fluid prior to and after
passage through the column is shown in Fig. 7.
The eluted material does contain porin, even

though other proteins are also present. From the
intensity of the Coomassie brilliant blue stain
one can estimate that porin constitutes at least
15% of the eluted material. Therefore, one would
calculate that approximately 0.7% of the total
protein present in the shock fluid is porin.

DISCUSSION
Osmotic shock fluids of E. coli contain at least

one protein that is usually found exclusively as
an intrinsic membrane protein, closely associ-
ated with the outer membrane. In particular,
they contain porin (41), a protein that has been
shown to overcome the permeability barrier of
the outer membrane for small hydrophilic mol-
ecules (3). Evidence for this statement is the
following. (i) Shock fluids are able to form a
precipitin line in an immunodiffusion test with
antiporin antibodies that is absent in shock
fluids from porin-negative strains. (ii) Shock

TABLE 2. Average pore conductivity (A) in single pore experiments with different shock fluidsa
Conductivity (nS)

Crude osmotic shock fluid
Conductng ion SDS-solubilized porin

from outer membrane, G8 I CM1070 CM1072
strain 1730 (<1 ng/ml) ,1 na (1 ng/ CM 1068 (1 ng/ pon A' (5 porin-, A' (5

ng/ml) ng/rnl)

LiCl 0.72 0.69 0.68 0.38 0.54
NaCl 1.2 1.1 1.1 0.61 0.84
KCl 1.9 1.8 1.7 2.0 1.7
RbCl 2.1 2.0 1.6 1.7 1.8
CsCl 2.3 2.1 1.8 2.0 1.8

a A potential of 50 mV was applied. For the calculation of A, 200 to 400 conductance increments were
averaged.

Data from Benz et al. (in press).

A
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FIG. 5. Probability, P (A), of the occurrence of a conductance step ofmagnitude A. P (A) is the number of
observed steps within an interval ofwidth iA = ±89pS centered at A, divided by the total number (n) ofsteps.
The membranes were made from 2% (wt/vol) oxidized cholesterol in n-decane. The aqueousphase contained
1M NaCl,pH 6; the temperature was 25°C. The applied voltage was 50 mV. Shock proteins from the following
strains were used: A, shock protein CM 1068 (I ng/ml), A = 1.1 nS (n = 282); B, shock protein CM 1070 (5 ng/
ml), A = 0.61 nS (n = 180); C, shock protein CM 1072 (5 ng/ml), A = 0.84 nS (n = 152).
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TABLE 3. Macroscopic conductivity through black
lipid membranes in the presence of osmotic shock

fluid-
Strain Conductivity, Ah (jS/cm-2)

LA 5001 80
CM 1068 30
CM 1070 6
CM 1072 3

a Protein concentration was 1 ug/ml; bathing solu-
tion was 0.1 M NaCl, pH 6; temperature was 25°C; and
10 mV was applied.

b Macroscopic conductivity was measured after 10
min of addition of shock fluid protein. Since conduc-
tivity increases with time, the given values reflect: the
concentration of pore-forming activity, the rate of
their incorporation into the bilayer membrane, and
the final conducting state.

X (s cm-2)

10-1

io 6 [

10-8
10-7 10o5

protein concentration
g/ml

FIG. 6. Specific membrane conductance, A, as a

function of the protein concentration in the aqueous
phase: 0.1 M NaCl, pH 6; temperature = 25°C. The
membranes were formed from oxidized cholesterol in
n-decane. The conductance was measured 10 min
after the membrane was completely black (blackening
time, 1 to 2 min). The applied voltage was 10 mV.
Each point represents the average of at least three
different experiments.

fluid proteins exhibit pore-forming activity in
black lipid membranes. The histogram of the
pore conductance is identical to that obtained
with detergent-solubilized porin from outer
membranes. (iii) The formation of pores due to
porin is prevented by antiporin antibodies. (iv)
Porin isolated from the osmotic shock fluid is
identical on SDS-polyacrylamide gel electropho-
resis to that isolated from the outer membranes.
The soluble nature of periplasmic porin is

given by the observation that porin activity re-
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mains in the supernatant of preparations that
were centrifuged at 100,000 x g for 1 h. Also, the
observation that the periplasmic porin is able to
diffuse into the agar gel in the immunodiffusion
technique is indicative of its soluble nature. In
addition, periplasmic porin exhibits a concentra-
tion dependence of macroscopic conductance
that is approximately proportional to the second
power of protein concentration. This indicates
that a polymeric structure is formed from
smaller subunits.
The amount of porin present in the osmotic

shock fluids is estimated by affinity chromatog-
raphy, using columns containing covalently
linked antiporin antibodies. From these experi-
ments it is estimated that porin constitutes ap-
proximately 0.7% of the periplasmic proteins.
Periplasmic proteins comprise about 3.5% (21)
and total porin constitutes 7% of the cellular
protein (55). Thus, only about 0.3% of total
envelope porin is found in the osmotic shock
fluid.
Shock fluid isolated from strains that lack

porin also exhibit pore-forming activity. How-
ever, the histograms of these preparations are
clearly different from those of the porin-contain-
ing preparations. The histogram of strain CM
1072 apparently contains two types of pores
(smaller and larger than porin), whereas strain
CM 1070 contains only the smaller type of pores.
Strain CM 1072 contains the A receptor, whereas
its isogenic derivative, CM 1070, does not. Re-
cently, the A receptor has been implicated in the
maltose and maltodextrin transport system (64)
by overcoming the diffusion barrier for these
sugars through the outer membrane (65). How-
ever, the A receptor is also able to accommodate
small molecules other than maltodextrins (68).
Indeed, detergent-solubilized and -purified A re-
ceptor is also able to form pores in black lipid
membranes (manuscript in preparation). The
histogram obtained by this preparation is very
similar to the population of the large pores in
the shock fluid of strain CM 1072 (Fig. 5), indi-
cating its identity with the A receptor.
The origin of the population of small pores in

the shock fluid of strains CM 1070 and CM 1072
is not clear. One possible candidate is protein II*
(17) since this protein has been shown to span
the outer membrane (14).
Shock fluids from porin-positive strains also

contain the pores present in porin-negative
strains (CM 1070, CM 1072). However, these
proteins are present in the shock fluid in smaller
amounts than porin. Therefore, they do not con-
tribute significantly to the respective histogram.
They become apparent only when porin is in-
activated by the antiporin antibodies.

It is not clear what the hydrodynamic prop-

a la
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FIG. 7. Polyacrylamide slab gel electrophoresis in the presence ofSDS. The different positions contained
the following preparations: 1, SDS-solubilizedporin (20 pg ofprotein) (thispreparation had been isolated by
trypsin treatment [Benz et al., in press]; the fresh preparation only exhibited a single band by this gel
technique; storage in 0.1% SDS for several months apparently results in considerable proteolytic breakdown,
probably due to remaining trypsin); 2, concentrated shock fluid of strain CM 1068 (100 pg ofprotein) after
passage through a Sepharose column containing covalently linked antiporin antibodies; 3, concentrated
shock fluid of strain CM 1068 (100 pg ofprotein); 4, material eluted from the antibody-carrying column by 7
M guanidinium hydrochloride (20 pg ofprotein); 5, same as (4) at a higher protein concentration (25 pg of
protein); 6, same as in (1).

erties of porin in the shock fluids are. Since this
protein appears to be soluble by means of im-
munodiffusion and ultracentrifugation, it seems
unlikely that it is present as part of small outer
membrane fragments. Our working hypothesis
is based on the interaction of porin (and the
other pore-forming proteins) with "free" lipopro-
tein (30). The latter may act as a detergent and
keep the strongly hydrophobic outer membrane
proteins in solution. At present, the free lipopro-
tein has not yet been identified to be present in
osmotic shock fluids (V. Braun, personal com-
munication). Yet, it is our experience that nearly
all periplasmic shock fluids that we have tested
so far by SDS-polyacrylamide gel electrophore-
sis, or by two-dimensional electrophoresis, do
contain substantial amounts of a protein that
migrates in close proximity to the tracking dye
(bromophenol blue) and may in fact be free
lipoprotein.
The next step in the understanding of the

hydrodynamic properties of periplasmic porin

will therefore be the possible identification of
lipoprotein in osmotic shock fluids and the ex-
amination of its interaction with porin.
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