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Does complement kill E. coli by producing transmural pores?
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SUMMARY

Three lines of evidence are presented to indicate that C5b-9 kills serum-sensitive E. coli K 12 cells by
generating functional pores across the outer and inner bacterial membrane. First, viable cells carrying
C5b-8 complexes are impermeable to o-nitrophenyl-f-p-galactoside (ONPG), but lose viability and
become permeable to this marker upon post-treatment with purified C9 in the absence of lysozyme.
Cells killed with colicin E1 or gentamicin are also impermeable to ONPG but take up the marker if
they are post-treated with lysozyme-free serum. Second, killing by C5b-9 is highly effective,
deposition of only a small number of complexes being lethal. This has been demonstrated in
experiments where viable cells carrying 20004000 C5b-7 complexes per CFU were permitted to
multiply in broth culture, and the daughter generations subsequently treated with purified C8 and C9.
Fifty percent killing was observed in the fifth to sixth generation, corresponding to a dilution of C5b—
7 complexes to 50100 molecules/CFU. In the presence of 2 mm EDTA, further dilution of C5b-7
down to 8-30 complexes/CFU still caused 509 killing of daughter cells. Third, treatment of C5b—7
cells with purified CC8 and C9 results in the release of intracellular K+, which commences
immediately after addition of C8/C9. This was shown in experiments where C5b-7 cells were packed
to high density in saline, post-treated with C8+C9, and K* directly measured in the cell
supernatants. Based on these results, we propose that C5b—9 pores deposited in the outer bacterial
membrane periodically fuse with the inner membrane, the transmural pores thus generated

permitting rapid K* efflux, with cell death ensuing through the collapse of membrane potential.

INTRODUCTION

Although consensus is being reached that C5b-9 complexes
form hydrophilic pores in cytoplasmic membranes of eukaryotic
cells (Bhakdi & Tranum-Jensen, 1983; Mayer, 1984; Miiller-
Eberhard, 1984), it is controversial whether or not the com-
plexes also form pores traversing the outer and inner membrane
of serum-sensitive E. coli. Indeed, such a concept meets with
apparent conceptual difficulties. The outer and inner mem-
branes are believed to be physically separated by the peptidogly-
can layer and periplasmic space. The total thickness of the cell
wall measures at least 20 nm, whereas the hydrophobic,
membrane-spanning portion of C5b-9 has been estimated to
measure only 4-5 nm (Bhakdi & Tranum-Jensen, 1978, 1983).
Zones of bioadhesion betwen the outer and inner membrane
probably exist (Bayer, 1968), but nothing is known concerning
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their number, stability and dynamics of formation. The possibi-
lity that bioadhesion zones may represent the target for lethal
attack by complement appeared to be indicated from early
studies by Feingold and coworkers (Feingold, Goldman &
Kuritz, 1968a, b). These investigators extended the observations
of Spitznagel et al. (Spitznagel, 1966; Spitznagel & Wilson, 1966;
Wilson & Spitznagel, 1968), who had demonstrated that C
damages both the inner membranes of E. coli, by showing that
plasmolysis in hypertonic sucrose protected the cells from serum
bactericidal action. They also used ONPG influx measurements
to demonstrate directly a permeability leak in the inner
membrane of C-treated bacteria.

More recent data to support the pore concept of comple-
ment action in E. coli have been advanced by Martinez & Carrol
(1980) and Wright & Levine (1981a, b). These authors demon-
strated that ONPG influx into C-treated bacteria was indepen-
dent of lysozyme (Martinez & Carrol, 1980) but dependent on
C8 and C9 (Wright & Levine, 1981a, b). Considerations of the
kinetics of membrane damage further led Wright & Levine to
conclude that C5b—9 complexes damage both inner and outer
membranes simultaneously via a two-hit mechanism, and
transmural pore formation by C5b-9 complexes (possibly
dimers) was proposed to represent the primary mode of C-
mediated bacterial killing (Wright & Levine, 1981a, b).

Nevertheless, several aspects of bacterial killing by C remain
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puzzling (Taylor, 1983). Unexplained are, for example, the
apparent requirement for active metabolism by the bacteria
under attack (Taylor & Kroll, 1983); the recovery of C5b-9
complexes exclusively in outer membrane fractions of E. coli
(Kroll, Bhakdi & Taylor, 1983), and the apparent change in
physical properties of the inner membrane, which leads to loss of
its recovery after complement attack (Kroll et al., 1983). In
addition, interpretation of the rubidium-release data that
formed one basis for the pore concept (Wright & Levine, 1981a,
b) may be subject to some difficulties, since Kroll & Taylor
reported a similar release of this marker with heat-inactivated
serum (Taylor & Kroll, 1983). In this connection, further studies
on the specificity of the permeability increase of the inner
membrane towards ONPG would also seem desirable. Finally,
Inoue et al. (1977) have presented some data indicating a
requirement of very large numbers of C5b-9 complexes per cell
(in order of 1500 lesions per bacteria) for killing to occur. If
verified, this extreme inefficiency would place severe constraints
on the pore model of C5b-9 bactericidal action.

In this study, we have sought to answer three questions.
First, is the previously reported influx of ONPG into comple-
ment-treated bacteria specific for the action of a terminal
complement component? Second, what is the minimum average
number of C5b—9 complexes required to prevent bacterial
colony formation? Third, does deposition of C5-9 cause K+
release from bacterial cells? We wish to present data that
collectively lead us to conclude that, in basic agreement with
Wright & Levine (1981a, b), C5b-9 pores forming in the outer
membrane are periodically ‘hit’ by functional bioadhesion
zones, this causing K + efflux, membrane depolarization and cell
death.

MATERIALS AND METHODS

E. coli K 12 strain W 3110 (Taylor & Kroll, 1983; Kroll ez al.,
1983) was used in all experiments. ONPG influx was addition-
ally studied in E. coli strain T 215, a galactoside-permease
negative mutant kindly supplied by Dr P. Overath (Max Planck
Institute, Tiibingen, FRG). Human serum pooled trom 20
healthy donors was depleted of C8 or C9 by passage over
immunoaffinity columns at 4° as described elsewhere (Bhakdi &
Tranum-Jensen, 1984, 1986). C8 and C9 were isolated from
human serum according to published procedures (Biesecker &
Miiller-Eberhard, 1980; Steckel et al., 1980), and C8 was
radioionated to specific activities of 3-15x 10° c.p.m./mg as
described elsewhere (Bhakdi & Tranum-Jensen, 1986). Whole
serum as well as R8 and R9 serum was depleted of lysozyme by
absorption with bentonite (5 mg/ml) on ice for 10-15 min (Inai
etal., 1959; Kroll et al., 1983; Taylor & Kroll, 1983). Colicin El
was a kind gift from Dr W. Cramer (Dept. of Biological
Sciences, Purdue University, West Lafayett, Ott).

ONPG influx measurements

E. coli T 215 was cultured in basal medium [composition:
KH,PO,, 2 g/l; K;HPO,, 7 g/l; (NH,),SO,, 1 g/I; MgCl,-6 H:O,
0-1 g/1; vitamin-free casein hydrolysate, 2-5 g/l]. The cells were
harvested in log-phase at a density of 2-3x10® CFU/ml.
Synthesis of B-galactosidase was induced by the addition of 1
mM isopropyl p-p-thiogalactopyranoside (Sigma, Munich,
FRD) to the bacterial cultures 2 hr prior to harvesting (Pardee,
Jacob & Monod, 1959). One volume of bacterial suspension was

then washed twice in 50 mM sodium phosphate buffer, pH 7-2
(Eppendorf table-top centrifuge) and incubated with varying
amounts of bentonite-absorbed WHS (WHSp). Alternatively,
bacteria were incubated with R9 serum (2-40% vol/vol final
concentration) for 20 min, 37°, washed three times with 50 mm
phosphate buffer, and resuspended to their original concentra-
tions in this buffer. Purified C9 was then added to a final
concentration of 70 ug/ml and the cells incubated at 37° for 20
min. Thereafter, 0-2 ml aliquots were removed for ONPG
permeation tests (Dobrogosz, 1981). The aliquots were added to
a mixture of prewarmed (30°) 50 mm phosphate buffer, pH 7-2
(4-1 ml) and 32 mM reduced glutathione (0-2 ml), and 0-5 ml of a
10 mM ONPG solution (dissolved in water) was added to initiate
the reaction. After 15 min at 30°, the reactions were terminated
by the addition of 1 ml of 1 M Na,CO;, and absorbance was
measured at 435 nm. Total intracellular S-galactosidase was
measured with freeze-thawed fractured T 215 cell suspensions.

In experiments designed to test the specificity of ONPG
influx, E. coli were first incubated with colicin E1 (20 ug/ml) for
40 or 210 min at 37°. It is known that such treatment causes
rapid K+ efflux, collapse potential, and cell death (Feingold,
1970; Cramer, Dankert & Uratani, 1983). Total loss of viability
was confirmed in our experiments by plating out 10 ul aliquots
of the colicin-treated cells. ONPG permeation experiments were
performed on the colicin El-treated cells as described above. In
addition, cells first killed by colicin E1 were post-treated with
bentonite-absorbed whole human serum (WHSp) or with R9
serum, and then analysed for ONPG uptake.

Another set of experiments was performed in which the E.
coli were incubated with 50 ug/ml gentamicin for 3-5 hr at 37°
and then similarly tested for ONPG uptake with and without
post-treatment with WHSp.

Killing efficiency of C5b-9

In the first series of experiments the average number of C5-7
complexes generated on the surface of E. coli after incubation
with very high doses of R8 serum was determined. Cells were
grown in TSB (Difco, Detroit, MI) to a density of 4-5x 108
CFU/ml. Three ml were centrifuged and the cells washed twice
in VBS, resuspended in 3 ml of this buffer, and incubated at 37°
with 3-5 ml R8 serum for 20 min. The cells were then washed
three times in VBS, resuspended in 8 ml TSB, and incubated at
32° in a water-bath. Four-hundred microlitre aliquots of
bacterial culture were removed at regular intervals over a period
of 150-210 min and given 120 ng C8 + 20,000 c.p.m. function-
ally active (bindable) '*I-C8 + 30 ug purified C9. After 20 min at
37°, 10 ul aliquots were diluted and plated out for colony
counting. Over 909 killing still occurred after 150 min of culture
(see the Results section). The cells were centrifuged, washed
three times in saline containing 1% HSA, and the total number
of bound C8 molecules calculated from the amount of specifi-
cally bound radioactivity. Non-specific binding of '>°I-C8 was
assessed by incubating E. coli cells not pretreated with R8 serum
in the same manner. Non-specific binding was always less than
1-5% of total radioactivity.

In the second set of experiments, cells carrying C5b—7 were
inoculated into a large volume of culture broth, so that the cells
remained in the log-phase of growth throughout the experi-
ments. To this end, 1 ml of washed suspended in VBS to 5 x 10?
CFU/ml was treated with 1-5 ml R8 serum for 15 min at 37°. The
cells were washed three times in VBS and resuspended in TSB at
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starting densities of 10°~10* CFU/ml. The cells were cultured at
32°, and 0-5 ml aliquots were removed at regular intervals over
time-periods of 3-5-5 hr and given a mixture of C8 and C9 (50
ug/ml of each component final concentration) +2 mM EDTA
(final concentration) for 20 min at 37° min at 37°, and viability
tests performed by colony counting. All counts were performed
in triplicate.

Measurement of K+ efflux

Cells carrying C5b-7 complexes were prepared by incubating
100 ml E. coli cell suspensions (1-5-3 x 108 CFU/ml) with 60 ml
R8 serum for 15 min at 37°. After three washings with PBS, the
cells were resuspended in 2 ml saline + 19/ glucose. Cells that
received no R8 serum were processed in parallel as controls. C8
and C9 equilibrated in saline were then added to the cell
suspensions at a final concentration of 100 ug/ml for each
component. Three-hundred microlitre aliquots were withdrawn
at varying time-intervals, centrifuged, and K+ concentrations in
the supernatants directly determined by flame photometry.
One-hundred percent K+ controls were obtained by treated
bacteria with 49/ SDS, boiling (for 15 seconds) and sonication.

RESULTS

Figure 1 depicts the results of experiments in which ONPG
uptake into E. coli T 215 was determined after treatment with
WHS; or with R9 serum+C9 post-treatment. ONPG influx
occurred in bacteria treated with WHSg but not in cells that
received R9 serum only. However, R9-treated cells took up the
substrate molecule upon post-treatment with purified C9, and
marker uptake was noted at R9 concentrations that, in conjunc-
tion with the C9 post-treatment, caused measurable loss of
viability (Fig. 1). One-hundred percent killing was observed at
serum concentrations between 5% and 109/ (Fig. 1b). The extent
of ONPG cleavage occurring within the 15 min period of
incubation exhibited a dependence on serum concentrations, i.e.
high serum doses induced more rapid diffusion of the substrate
into the cells. We ascribe this finding to a dose-dependent
increase in the number of lesions per cell. Very high doses of R9
serum (409 vol/vol) caused some loss of viability without
inducing measurable ONPG influx. This putative C5b-8 effect
may be causally linked to the tendency of C5b-8 complexes to
aggregate (Bhakdi & Tranum-Jensen, 1984; Cheng, Wiedmer &
Sims, 1985), but the phenomenon has not been studied further.
Overall, the present data show a requirement for C9 in the
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Figure 1. (a) Hydrolysis of ONPG by E. coli T 215 cells following
treatment with bentonite-absorbed R9 serum (R9p) alone, R9 serum
followed by purified C9, or bentonite-absorbed whole human serum
(WHSp). The final concentration of serum used is given as the
percentage volume. Whereas R9 serum alone induced no permeability
defect in the inner membrane towards ONPG, hydrolysis of the marker
was observed after post-treatment of the R9 cells with purified C9 (70
pug/ml), and the rate of ONPG hydrolysis was similar to that observed in
cells treated with WHSp. (b) Substantial killing of E. coli occurred at
serum concentrations of 2%, volume, and 100%; killing was observed at
serum concentrations between 5% and 10%, volume. Only slight loss of
viability was noted with high R9 concentrations.

induction of the permeability defect of the E. coli inner
membrane towards ONPG. Since E. coli T 215 cells are entirely
impermeable to ONPG in their viable state, uptake of this
marker clearly stems from a dramatic, C9-dependent alteration
in the permeability of the inner membrane towards the mole-
cule. The above experiments were additionally performed with
E. coli W 3110 cells with essentially the same results.

We then investigated the effects of colicin E1 and gentamicin
on ONPG permeation. Neither agent was found to induce
uptake of the marker into the non-viable cells (Table 1). Failure

Table 1. Hydrolysis of ONPG offered to E. coli K 12 W 3110 cells after treatment with colicin El or
gentamicin, and after post-treatment with bentonite-absorbed WHS

% of maximal

ONPG hydrolysis
% of maximal after post-treatment

Agent Concentration Incubation time ONPG hydrolysis Killing(%;)  with 309, WHSg
Buffer control — 40 min 4-5 0 94
Colicin E1 20 pug/ml 40 min 3-8 93 89
Colicin E1 20 pg/ml 210 min 31 100 95
Gentamicin 50 pg/ml 60 min 0-8 95 91
Gentamicin 50 pg/ml 180 min 35 98 74
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of ONPG to penetrate into E. coli after treatment with colicin
E1 has been reported (Fields & Luria, 1969), and our results are
thus confirmatory in this regard. However, when cells that had
been incubated with either colicin E1 or gentamicin were post-
treated with C5b-9 (recruited from WHSg ONPG permeation
was again observed (Table 1). These findings indicated that
deposition of C5b-9 on E. coli with formation of transmural
pores at very high serum doses not require a viable target
organism.

Efficiency of C5b—9 bactericidal action

C5b-7 complexes attach firmly to cell membranes without
exerting cytolytic or bactericidal effects, and retain their capa-
city to post-bind C8 and C9. This was exploited in experiments
that permitted the minimal average number of C5b-9 complexes
required to suppress formation to be reliably determined. The
first set of experiments was performed in order to gain an
estimate of the number of terminal complexes generated per
CFU. Cells coated with C5b-7 were suspended to approxi-
mately 108 CFU/ml in culture broth, and the bacteria were
allowed to multiply at 32° for 150 min. At various time-intervals
(Fig. 2), 0-4 ml were removed and offered a mixture of 120 ng C8
(~5x 10" molecules) +20,000 c.p.m. functionally active '*I-
C8+30 ug C9. After 20 min at 37°, the cells were pelleted,
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Figure. 2. E. coli W 3110 cells were treated with R8 serum to generate
C5b-7 complexes, washed, and resuspended to approximately 108 CFU/
ml in culture broth. Four-hundred pl aliquots were removed at the
depicted time-intervals and offered 120 ng C8 + 20,000 c.p.m. active 1257
C8+ 30 pug C9. After 20 min at 37°, the cells were washed and the number
of bound C8 molecules calculated from the bound radioactivity (a). No
gross variation in the total amount of bound C8 was observed. A plot of
the mean number of C8 molecules bound per CFU was obtained by
dividing the total bound C8 molecules by CFU (b).

washed, and the specifically bound radioactivity determined.
Ten pul aliquots were also appropriately diluted and plated out
for colony countings.

Figure 2 depicts the results of an experiment. In all cases,
post-treatment with C8 and C9 led to the quantitative killing of
the bacteria and the daughter cells over the given time-period.
The total number of bound C8 molecules was calculated from
the amount of bound radioactivity, and it was typically found
that a slight increase in C8 binding occurred during the first 30—
60 min of culture. Thereafter, C8 binding decreased slightly to
approach the original level at 120150 min. Hence, there was no
significant change in overall binding of C8, and this indicated
that significant numbers of C5b—7 complexes were not removed
from the bacterial cell surface during the process of cell division.
By dividing the total number of bound C8 molecules with the
number of CFU, we obtained estimates of the average number
of bound C8 molecules per CFU (Fig. 2b). Under the given
experimental conditions, the E. coli cells were found to carry
between 2000 and 4000 C5b—7 complexes per CFU (on average)
at the beginning of the culture. The number of C8 molecules/
CFU sank to reach levels of around 300400 at the end of the
depicted experiment. This type of experiment led us to conclude
that an initial number of 20004000 C8 binding sites (C5b-7
complexes)/CFU was a reasonable number upon which to base
our further calculations.

The next set of experiments was conducted over a longer
time-period, with the aim of determining the time-point at which
approximately 50% killing of the daughter E. coli cells would
occur. In these experiments, cells carrying C5b—7 were inocu-
lated into a large volume of culture broth to yield starting
densities of 10°-10* CFU/ml, so that the bacteria remained in
the log-phase of growth throughout the experiment. Aliquots
were removed at various time-points, and the cells were treated
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Figure. 3. Killing efficiency of C5b-9: C5b-7 dilution experiment. E. coli
cells coated with 20004000 C5b—7 molecules/CFU were suspended in
culture broth (32°) at a starting density of approximately 5 x 103 CFU/
10 pl. Aliquots were removed at the depicted times and colony counts
performed (O). Treatment of the cells with purified C8 4+ C9 caused loss
of viability over an extended time-period (®), and 50% killing was still
registered after approximately 150 min of culture (¢s0). This corres-
ponded to an approximately 40-fold dilution of C5b-7 complexes/CFU.
If 2 mm EDTA was present during the post-incubation with C8 and C9,
killing efficiency was apparently enhanced (a), and 50%; killing occurred
after a culture period of approximately 210 min, corresponding to a 250-
fold dilution of C5b—7 complexes.



Pore formation by complement in E. coli 143

with a surplus of C8 + C9 (final concentrations of the individual
components: 50-70 ug/ml) for 10 min at 37°. Viability counts
obtained in these experiments (n=10) indicated that the
bactericidal potential of C5b—7 was retained down through
many daughter cell generations. Typically, 509 bacterial killing
was still registered in the fifth to sixth generation, corresponding
to a mean dilution factor of 32-64 for the original C5b—7
complexes. Thus, a mean of 50-100 C5b-9 complexes generated
on the surface of an E. coli cell sufficed to inhibit colony
formation (Fig. 3).

The presence of 2 mM EDTA during the C8-C9 post-
treatment apparently increased the efficiency of C5b-9 killing.
In the presence of this chelator, which alone caused no killing of
C5b-7 control cells at 37°, 509 bacterial survival was registered
in the seventh to eighth generation, corresponding to a C5b—7
dilution factor of 125-250 and a mean of only 8-30 C5b-9
complexes/CFU (Fig. 3). The presence of 2 mm EDTA did not
enhance the C8 uptake on the cells (data not shown).

C5b-9 dependent K+ efflux from E. coli

E. coli cells carrying CS5b—7 were suspended to densities of
approximately 10" cells/ml in saline/glucose. After the addition
of C8 and C9, the release of K+ could be directly measured in the
cell supernatants. Control cells that carried no C5b-7, or cells
that carried C5b-7 but receiving no C8+ C9, spontaneously
released significant amounts of K+ after 15-20 min, probably
due to the extremely high cell density (Fig. 4). Concomitant with
the spontaneous K release, gradual loss of viability and decrease
in CFU was observed (not shown). However, the addition of
C8+C9 to C5b-7 cells caused a release of K+ that commenced
virtually instantaneously and was far above the spontaneous
release (Fig. 4). After 15-20 min at 30°, over 509 release was
always observed with C8/C9-treated cells, as opposed to less
than 209, spontaneous release in the controls (n=4 experi-
ments). Thereafter, K release proceeded over a time-period of
over 60 min, but no further divergence between the C5b-9 and
control release curves could be noted.
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Figure 4. C5b-7 laden E. coli cells were packed to a density of
approximately 10!® CFU/ml in saline and post-treated with purified
C8+C9 (100 ug/ml of each component, final concentration). Aliquots
were removed at the given time and K+ was determined in the cell
supernatants by flame photometry (a). Controls (®) received no C8/C9.
The addition of C8 and C9 induced an immediate release of K* from a
portion of the cells. Rather high spontaneous release of K occurred in
the controls after 20 min incubation (30°). K™ release is expressed as
absolute values (meq/1) to the left, and as a percentage of total K * to the
right.

DISCUSSION

Several lines of evidence have in the past appeared compatible
with the concept that complement kills serum-sensitive E. coli by
generating transmural pores. Feingold et al. (1968a, b) demon-
strated that plasmolysis of bacteria in hypertonic media pro-
tected the cells from complement killing. They also demon-
strated that ONPG diffused into complement-killed cells, a
finding that was subsequently confirmed and extended by
Martinez & Carrol (1980) who showed that ONPG permeation
did not require the presence of lysozyme. Wright & Levine
(1981a, b) further refined the ONPG influx data by showing that
bacteria remained viable and ONPG-impermeable at the C5b—7
stage, and that ONPG uptake occurred within minutes after C8/
C9 binding to C5b-7 cells, paralleling loss of viability. They also
presented data showing C5b-9-dependent release of Rb* from
the cells. The interpretation of Rb* release data may, however,
be difficult, since a high amount of unspecific release has been
reported to occur spontaneously (Taylor, 1983).

In order to gain further insight into the mechanism of
bacterial killing by C5b—9, we sought to answer three questions.

First, is ONPG uptake truly C9-specific? In an extension of
Wright & Levine’s experiments, we treated bacteria with C9-
depleted serum and found that coating the cells with even very
high amounts of C5b—8 did not induce a permeability increase of
the inner membrane towards ONPG. Upon post-treatment of
the washed cells with purified C9, however, ONPG uptake was
immediately observed. Hence, disruption of the permeability
barrier of the inner membrane for this marker was clearly C9-
dependent.

To test further the specificity of ONPG uptake with respect
to C9, cells were first killed to colicin El or gentamicin. We
found that treatment with neither agent led to uptake of ONPG
into the cells, and thus confirmed earlier data of Fields & Luria
(1969) with regard to colicin E1. However, when cells killed with
colicin El or gentamicin were post-treated with lysozyme-free
serum, but not R9 serum, ONPG influx occurred. These
findings corroborated the notion that diffusion of ONPG to the
cytoplasm was indeed C9-dependent. They also indicated that
the formation of the transmural defects did not basically require
viable target organisms.

The second question pertained to the minimal number of
C5b-9 lesions required to inhibit bacterial colony formation.
Inoue et al. (1977) earlier estimated that a very large number of
C5b-9 lesions (approximated at 1500 lesions/cell) was required
to kill a cell. If confirmed, this might indicate either that the
majority of complexes inserted in an abortive manner into the
outer membrane, without ‘hitting’ the bioadhesion zones, or
that killing required a cumulative effect of multiple C5b-9
complexes. The latter concept would tend to argue against the
formation of discrete transmural pores. We generated C5b—7
complexes on cells, permitted the bacteria to multiply, and
examined the effects of purified C8 and C9 given to the daughter
generations. We found that multiplying bacteria could
obviously not remove substantial amounts of C5b—7 from their
surface, so that binding of C8 continued to occur hours after the
initial deposition of C5b-7. Thus, the C5b—7 complexes
remained quantitatively located in the outer membrane, i.e.
shedding or translocation to the inner membrane was, at best,
minimal. Killing by C8 and C9 continued to be remarkably
efficient throughout many daughter generations, given that a
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sufficient number of C5b—7 complexes were initially formed.
The use of purified C8 and C9 components excluded a role for
lysozyme in the killing process. Estimates of C8 binding using
radiolabelled C8 tracer indicated that an average of 20004000
C5b-7 complexes were formed per CFU when the E. coli cells
were treated with the very high R8 serum doses used in our
experiments. These results are well compatible with the number
of 900 complexes generated per CFU as reported by Joiner et al.
(1985) with the use of 10%, serum. Taking 20004000 C5b-7/
CFU as a starting value for our calculations, we then deter-
mined the minimal average of C5b-9 lesions that was required
to prevent colony formation. This number was surprisingly low,
reproducibly in the range of 50-100 complexes/CFU. It was
further diminished if 2 mm EDTA was present during post-
incubation with C8 + C9. In this case, as few as 8-30 complexes/
CFU sufficed to cause 50% killing. Hence, killing of E. coli K 12
cells by C5b—9 was obviously very efficient. The enhancing effect
of EDTA remains unexplained at present.

Finally, experiments were performed to test directly whether
C5b-9 caused K+ efflux from bacteria. These studies appeared
indicated in view of the possible interpretational difficulties of
Rb* release data. By packing cells carrying CSb—7 to a sufficient
high density in saline, we could directly measure K+ efflux into
the supernatant after treatment with purified C8+C9. We
found that, indeed, K+ efflux commenced immediately after the
addition of the C8/C9 components. We were unable to obtain
satisfactory release data over prolonged time-periods due to the
high bacground release that occurred after 15-20 min incuba-
tion. Nevertheless, the results clearly indicated that C8/C9
induced the immediate liberation of K* from a substantial
portion of the bacterial cells. The fact that K+ release was only
partial within the first few minutes may have been due to the
extremely high cell density in the given experiments.

If C5b-9 complexes do indeed generate transmural pores in
serum-sensitive E. coli, the resulting K+ efflux should be lethal
because of collapse of membrane potential. How can the
surprising efficiency of C5b-9 killing be accounted for? We
speculate that bioadhesion zones continuously form in a
transient, fluctuating manner, causing C5b-9 pores, which are
primarily deposited in the outer membrane, to be periodically
‘hit’ by the inner membrane. The chance of a C5b-9 complex
being ‘hit’ by a bioadhesion zone could depend on the density of
complement complexes on the cell surface: hence, a cell carrying
only 50-100 complexes may ‘live’ longer than one carrying 2000
complexes. Through cell division, daughter generations of cells
carrying few C5b-9 lesions may even escape death. If this
hypothesis is correct, inhibition of colony formation in our
experiments might depend on two counteracting factors, i.e. the
kinetics of formation of lethal zones of bioadhesion versus cell
multiplication with the escape of daughter cells. The true
number of C5b-9 complexes required to kill a serum-sensitive E.
coli cell might thus actually be even lower that the numbers
obtained in the present estimate.

In closing, it should be stressed that none of these studies has
been directed at the question regarding the mechanisms of
serum-resistance, which are probably manifold (Joiner &
Frank, 1985), or at the problem of C9 multiplicity within C5b-9
complexes. It appears that a minimal average of > 3-3 molecules
C9 per C5b—8 complex is required to kill serum-sensitive Gram-
negative bacteria (Joiner et al., 1985), and all the experiments

described in this study were performed in the presence of
saturating amounts of C9.

ACKNOWLEDGMENTS

We are very grateful to Dr V. Braun, University of Tiibingen, for many
stimulating discussions and his generous advice, and to Dr U. Schum-
mer, University of Giessen, for his critical evaluation of some of the
data. The permease-negative mutant E. coli strain T 215 was kindly
supplied by Dr P. Overath and his coworkers of the Max Planck
Institute, Tiibingen. We thank Margit Pohl and Marion for their
outstanding and patient technical assistance.

These studies were supported by the Deutsche Forschungsgemeins-
chaft (Bh 2/1-5) and the Verband der Deutschen Industrie.

REFERENCES

BAYER M.E. (1968) Adsorption of bacteriophages to adhesions between
wall and membrane of Escherichia coli. J. Virol. 2, 326.

BHAKDI S. & TRANUM-JENSEN J. (1978) Molecular nature of the
complement lesion. Proc. natl. Acad. Sci. U.S.A. 75, 5655.

BHAKDI S. & TRANUM-JENSEN J. (1983) Membrane damage by comple-
ment. Biochiem. biophys. Acta, 737, 343.

BHAKDI S. & TRANUM-JENSEN J. (1984) On the cause and nature of C9-
related heterogeneity of terminal complement complexes generated
on target erythrocytes through the action of whole serum. J. Immunol.
133, 1453.

BHAKDI S. & TRANUM-JENSEN J. (1986) C5b-9 assembly: average
binding of one C9 molecule to C5b—8 without poly-C9 formation
generates a stable transmembrane pore. J. Immunol. 136, 2999.

BIESECKER G. & MULLER-EBERHARD H.J. (1980) The ninth component
of human complement: purification and physicochemical characteri-
zation. J. Immunol. 124, 1291.

CHENG K.H., WiEDMER T. & Sims P.J. (1985) Fluorescence resonance
energy transfer study of the associative state of membrane-bound
complexes of complement proteins C5b-8. J. Immunol. 135, 459.

CRAMER W., DANKERT J.R. & URATANI Y. (1983) The membrane
channel-forming bacteriocidal protein, colicin E1. Biochiem. biophys.
Acta, 737, 173.

DosroGosz W.J. (1981) Enzymatic activity. In: Manual of Methods for
General Bacteriology (eds P. Gerhardt, R. G. E. Murry, R. N.
Costilow, W. N. Eugene, W. A. Wood, N. R. Krieg and G. B.
Phillips), p. 365. American Society for Microbiology, Washington,
DC.

FEINGOLD D.S. (1970) The mechanism of colicin E1 action. J. Membrane
Biol. 3, 372.

FeINGOLD D.S., GoLDMAN J.N. & Kuritz H.M. (1968a) Locus of the
action of serum and the role of lysozyme in the serum bactericidal
reaction. J. Bacteriol. 96, 2118.

FEINGOLD D.S., GoLbMAN J.N. & Kuritz H.M. (1968b) Locus of the
lethal event in the serum bactericidal reaction. J. Bacteriol. 96, 2127.

FieLps K.L. & Luria S.E. (1969) Effects of colicin E1 and K on
transport systems. J. Bacteriol. 97, 57.

INal S., KisHIMOTO S., HirAO F., YAMADA T. & TakaHAsHI H. (1959)
Studies on adsorption of human serum components by bentonite.
Biken J. 2, 233.

INoUE K., KINOSHITA T., OKADA M. & AKIYAMA Y. (1977) Release of
phospholipids from complement-mediated lesions on the surface
structure of Escherichia coli. J. Immunol. 119, 65.

Joiner K.A. & FRANK M.M. (1985) Mechanisms of bacterial resistance
to complement-mediated killing. In: The Pathogenesis of Bacterial
Infections (eds G. G. Jackson and H. Thomas), p. 122. Springer-
Verlag, Berlin.

JoINER K.A., SCHMETZ M.A., SANDERS M.E., MURRAY T.G., HAMMER
C.H., DOURMASHKIN R. & FRANK M.M. (1985) Multimeric comple-



Pore formation by complement in E. coli 145

ment component C9 is necessary for killing of Escherichia coli J5 by
terminal attack complex C5b-9. Proc. natl. Acad. Sci. U.S.A. 82,
4808.

KroLL H.P., BHAKDI S. & TAayLor P.W. (1983) Killing of E. coli by
complement. Infect. Immun. 42, 1055.

MARTINEZ R.J. & CarroLL S.F. (1980) Sequential metabolic ex-
pressions of the lethal process in human serum-treated Escherichia
coli. Role of lysozyme. Infect. Immun. 28, 735.

MAYER M.M. (1984) Complement. Historical perspectives and some
current issues. Complement, 1, 2.

MULLER-EBERHARD H.J. (1984) The membrane attack complex.
Springer Semin. Immunopathol. 7, 93.

PARDEE A.B., JacoB F. & Monop J. (1959) The genetic control and
cytoplasmic expression of ‘inducibility’ in the synthesis of f-galactosi-
dase by E. coli. J. Molec. Biol. 1, 165.

SPITZNAGEL J.K. (1966) Normal serum cytotoxicity for P32-labelled
smooth Enterobacteriaceae. Fate of macromolecular and lipid phos-
phorus of damaged cells. J. Bacteriol 91, 148.

SPITzNAGEL J.K. & WILSON L.A. (1966) Normal serum cytotoxicity for
P*.]abelled smooth Enterobacteriaceae. Loss of label, death, and
ultrastructural damage. J. Bacteriol. 91, 393.

STECKEL E.W., YORK R.G., MONOHAN J.B. & SoDETZ J.M. (1980) The
eighth component of human complement. Purification and physio-
chemical characterization of its unusual subunit structure. J. biol.
Chem. 255, 11,997.

TaYLOR P.W. (1983) Bactericidal and bacteriolytic activity of serum
against gram-negative bacteria. Microbiol. Rev. 47, 46.

TAYLOR P.W. & KroLL M.P. (1983) Killing of an encapsulated strain of
Escherichia coli by human serum. Infect. Immun. 39, 122.

WENDT L. (1970) Mechanism of colicin action: early events. J. Bacteriol.
104, 1236.

WiLsoN L.A. & SpPiTzNAGEL J.K. (1986) Molecular and structural
damage to E. coli produced by antibody, complement and lysozyme
systems. J. Bacteriol. 96, 1339.

WRIGHT S.D. & LEVINE R.P. (1981a) How complement kills. E. coli. I.
Location of the lethal lesion. J. Immunol. 127, 1146.

WRIGHT S.D. & LEVINE R.P. (1981b) How complement kills E. coli. II.
The apparent two-hit nature of the lethal event. J. Immunol. 127,
1152.



