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Abstract

We find that pADEQ16, a recombinant cosmid carrying the rck
gene of the Salmonella typhimurium virulence plasmid, when
cloned into either rough or smooth Escherichia coli and Salmo-
nella strains, confers high level resistance to the bactericidal
activity of pooled normal human serum. The rck gene encodes a
17-kD outer membrane protein that is homologous to a family
of virulence-associated outer membrane proteins, including
pagC and Ail. Complement depletion, C3 and CS binding, and
membrane-bound C3 cleavage products are similar in strains
with and without rck. Although a large difference in C9 binding
was not seen, trypsin cleaved 55.7% of bound >’I-C9 counts
from rough S. typhimurium with pADEQO16, whereas only
26.4% were released from S. typhimurium with K2011, con-
taining a mutation in rck. The majority of C9 extracted from rck
strain membranes sediments at a lower molecular weight than
in strains without rck, suggesting less C9 polymerization. Fur-
thermore, SDS-PAGE analysis of gradient peak fractions indi-
cated that the slower sedimenting C9-containing complexes in
rck strains did not contain polymerized C9 typical of the tubular
membrane attack complex. These results indicate that comple-
ment resistance mediated by Rck is associated with a failure to
form fully polymerized tubular membrane attack complexes.
(J. Clin. Invest. 1992.90:953-964.) Key words: complement
resistance » gram-negative bacteria  outer membrane proteins »
plasmids ¢ virulence

Introduction

Resistance to complement-mediated killing or serum resis-
tance is an established virulence trait of Gram-negative bacte-
ria (for reviews see references 1 and 2). Enterobacteriaceae
isolated from blood cultures are nearly always serum resistant
(3, 4), as are Neisseria gonorrhoeae strains causing dissemi-
nated gonococcal infection (5). Components of the bacterial
cell surface, including capsules, LPS, and outer membrane pro-
teins, have been shown to affect the interaction between com-
plement and various Gram-negative organisms (for review see
reference 2).

A major determinant of serum resistance of Salmonellae
appears to be long-chain LPS, as shown by the elegant studies
of Joiner and his colleagues (6, 7). In Salmonella minnesota,
the terminal complement C5b-9 membrane attack complex
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(MAC)' forms at a distance from the hydrophobic regions of
the outer membrane because of the preferential deposition of
C3 on the long LPS O-antigen side chains. The MAC is then
shed without disrupting the integrity of either the inner or outer
bacterial membranes. Polysaccharide capsules, important in
the serum resistance of other Gram-negative bacteria (8, 9),
appear to play little role in nontyphoidal Sa/monella serotypes.

Several nontyphoid Salmonella serotypes associated with
invasive disease contain virulence plasmids that are required
for the establishment of a lethal, systemic infection in experi-
mental animals. These Salmonellae include the host-adapted
serotypes dublin, choleraesuis, and gallinarium-pullorum, as
well as the broad host range typhimurium and enteritidis
strains (for review see reference 10). Molecular genetic studies
have defined an 8-kb region of the S. typhimurium and S. dub-
lin virulence plasmids required for virulence in inbred mice
(10, 11). Several studies have also reported an effect of viru-
lence plasmid-encoded loci on the serum resistance pheno-
type. The S. typhimurium plasmid contains a tra7-like locus,
specifying an outer membrane protein very similar to those
encoded by F-like plasmid conjugation systems. This traT pro-
tein confers complement resistance in certain E. coli and Sal-
monella strains (12). A second locus from S. typhimurium,
rsk, does not by itself encode serum resistance but appears to
enhance the ability of smooth S. typhimurium to grow in
serum. The rsk region does not encode a protein but contains a
series of imperfectly repeated 10-bp sequences (13, 14). A
third locus of complement resistance has recently been de-
scribed on the S. dublin plasmid and appears to restore synthe-
sis of a complete O antigen in certain partially rough mutants
of S. dublin (15-17). These studies suggest that various ele-
ments of the Salmonella virulence plasmids may be capable of
restoring serum resistance under certain specific conditions,
especially in the setting of altered LPS.

A fourth complement resistance locus on the S. typhimu-
rium plasmid was identified and cloned by Hackett and co-
workers (18). They found that a 2.1-kb Clal/Pstl fragment of
the S. typhimurium virulence plasmid, when cloned into a
multicopy cosmid construct they designated pADEO16, was
capable of restoring high-level serum resistance to a rough
serum-sensitive E. coli K-12 strain and to a rough, plasmid-
cured S. typhimurium strain. In addition, they found that ex-
pression of the serum resistance phenotype by pADEO16 was
associated with the production of an outer membrane protein
but not with restoration of wild-type LPS. The mechanisms by
which pADEO16 was able to confer serum resistance upon
these E. coli and Salmonella strains were not elucidated.

1. Abbreviations used in this paper: DPBS, Dulbecco’s PBS; HI, heat-
inactivated decomplemented sera; MAC, membrane attack complex;
VBS++, veronal-buffered saline with 0.15 mM CaCl, and 0.5 mM
MgCl,; VBSG++, VBS++ containing 0.1% gelatin.
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We have recently determined the nucleotide sequence of
the S. typhimurium serum resistance gene present in pA-
DEO16 (designated rck, for “resistance to complement kill-
ing”) and have shown that its 17-kD outer membrane protein
product Rck is responsible for the serum resistance phenotype
(19). In addition, we found that Rck is homologous to a family
of virulence-associated outer membrane proteins expressed in
gram-negative bacteria, including pagC, required by S. typhi-
murium for survival in macrophages and for virulence in mice
(20, 21), and Ail, a product of the Yersinia enterocolitica chro-
mosome capable of mediating bacterial adherence and inva-
sion of epithelial cell lines (22-24).

We find that rck, in pADEOI1S6, is capable of producing
high level serum resistance when cloned in a variety of rough
and smooth E. coli and Salmonella strains, characteristics not
reported for other Salmonella virulence plasmid serum resis-
tance loci. The association of rck in pADEO16 with serum
resistance offered an opportunity to investigate the means by
which a single outer membrane protein species interacts with
the complement system to inhibit killing of Gram-negative bac-
teria. In this study we investigated the mechanism of rck-me-
diated serum resistance.

Methods

Bacterial strains. The characteristics of the strains used are described in
Table 1.

Plasmids and methods of gene transfer. The construction of the
recombinant cosmid pADEO16 (TcR, KmR, pBR322, and R6K repli-
cons) containing a 2.1-kb fragment from the S. typhimurium virulence
plasmid has been described previously (18). A single gene in this frag-
ment, designated rck, encodes a 17-kD outer membrane protein and is
responsible for the serum resistance phenotype (19); construct
pK2011 (previously designated pADEO16 AKpnl,g,, ) contains a 4-bp
deletion in the rck gene that truncates the outer membrane protein and
does not encode the serum resistance phenotype, as previously de-
scribed (19). Transformation of E. coli JA221 with pADEO16 and
pK2011 was accomplished by standard methods using calcium chlo-
ride to prepare competent cells (25). Transfer of pADEO16 and
pK2011 by conjugation from E. coli JA221 into E. coli and Salmonella
strains was accomplished by a triparental mating system using a helper
plasmid, pRK2073 (in E. coli MV 12), capable of high frequency mo-
bilization, as previously described (26); transconjugates were shown
not to contain the helper plasmid pRK2073 by confirming sensitivity
to trimethoprim ( 100 g/ ml). The presence of the desired plasmid and
the absence of the helper plasmid was confirmed in all transform-
ants and transconjugates by restriction endonuclease digests of plas-
mid DNA.

Curing of the S. typhimurium virulence plasmid. S. typhimurium
14028S and 14028R were cured of the large virulence plasmid by use of
the par-locus of Tinge and Curtiss (27) cloned on pYA2028. pY A2028
was transformed into the restriction— / modification+ S. typhimurium
strain LB5000. Clone analysis DNA isolated from LBS000 was subse-
quently transformed into S. typhimurium 14028S and 14028R. 10 colo-
nies were obtained on penicillin plates (400 pg/ml). Each of these
colonies were grown for 100 generations in L-broth containing 600
ug/ml penicillin to allow segregation of the virulence plasmid. The
cells were then grown for 50 generations without selection to allow
spontaneous loss of pY A2028, plated on Luria broth agar, and replica-
plated on penicillin plates. Cells that had lost penicillin resistance were
analyzed by both clone analysis and colony hybridization, the latter
using a 4-kb EcoRI portion of the virulence region as a probe (28); all
colonies probed lacked any evidence of the wild-type virulence plas-
mid. The morphology, biochemical profile, and agglutination profile
were found to be the same in both the wild-type parent and the plas-
mid-cured strains.

Serum sensitivity studies. Normal human serum was collected
from 10 healthy volunteers, pooled, and stored at —70°C until used
(pooled normal human sera [PNHS]). Control sera were decomple-
mented by heating at 56°C for 30 min (heat-inactivated sera [HI]).
Serum sensitivity studies were performed on a variety of E. coli and
Salmonella strains using the Fothergill method (29). Serial 10-fold
dilutions of mid log-phase bacterial suspensions in Dulbecco’s phos-
phate-buffered saline (DPBS) were incubated for 60 min in 50% PNHS
at 37°C and then plated on tryptic soy agar. Serum sensitivity was
calculated as the difference in CFUs surviving incubation in PNHS and
in HI sera expressed in log base 10, and designated log kill. Time-kill
curves and studies of the effects of differing serum concentrations were
performed in the same manner. A preliminary experiment showed
there was no difference in serum sensitivity whether incubation was
performed in air or 10% CO, (13, 30); all subsequent assays were per-
formed in air.

Complement activation studies. The consumption of total hemo-
lytic activity (CH50) by E. coli 0111:B4 strains with and without pA-
DEOI16 was determined by incubating 1 X 10° bacteria in 1 ml of 50%
PNHS at 37°C; control samples consisted of 50% PNHS alone. Ali-
quots were removed at 15, 30, 45, and 60 min, and the pellets and
supernatants were separated by centrifugation. The total hemolytic ac-
tivity in the resulting supernatants was determined by incubating sheep
erythrocytes sensitized with rabbit anti-sheep antibody with dilutions
of the supernatants for 60 min at 37°C. The unlysed erythrocytes were
then removed by centrifugation, and the hemoglobin in the superna-
tant was determined by optical density readings at 414 nm (31).

Complement components. Purified human C3, C5, and C9 were
purchased from Quidel (San Diego, CA). The purified proteins were
radiolabeled with '>*I by the iodogen technique (32) to a specific activ-
ity of 1-2 X 10% cpm/ g of protein. Less than 20% of the hemolytic
activity was lost during labeling as assayed with EAC14b cells (pre-
pared by incubating sheep erythrocytes sensitized with rabbit anti-

Table I. Bacterial Strains, Characteristics, and Lipopolysaccharide Structure

Strains Characteristics LPS Reference
E. coli0111:B4 Wild-type, serum sensitive Smooth 63
E. coli JA221 K-12; leuB, AtrpES5, lacY, recA, hsdR—, hsdM+ Rough 64
S. minnesota S218 Wild-type, supplied by Luderitz Smooth 65

S. minnesota Ra

Derivative of S218, lacks O side chains Ra 65

S. typhimurium }42 Plasmid cured; recAl, srl::Tn$5, leuB129, hisC527 Rough 18
14028S S. typhimurium LT2 derivative, wild-type Smooth 66
C14028S 14028S, cured of the virulence plasmid Smooth

14028R Rough derivative of 14028S Ra 67
C14028R 14028R, cured of the virulence plasmid Ra
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sheep hemolysin in 10% PNHS with 10 mg/ml of methylprednisone
(33), 50 U/ml C2oxy (34), and potassium bromide-inactivated
serum ( 35) supplemented with C5 (Diamedix Corp., Miami, FL). C3b
was produced by the cleavage of '>*I-C3 with a 1:100 dilution (wt/wt)
of tosylamide-phenylethylchloromethyl ketone-trypsin ( Sigma Chemi-
cal Co., St. Louis, MO) in PBS for 8 min at room temperature, fol-
lowed by the addition of a 10-fold excess of soybean trypsin inhibitor.
The C9 neoantigen, consisting of fluid phase polymerized C9, was
formed by the incubation of 20 ug of unlabeled C9 with 2 ug of '**I-C9
in the presence of 500 uM ZnCl, (36).

Quantitative binding of C3, C5, and C9. Purified human C3, C35,
and C9 were radiolabeled with '2I by the iodogen method (32) to a
specific activity of 1-2 X 10% cpm/ug of protein. Bacteria in a final
concentration of 2 X 10%/ml were incubated in 20% PNHS or HI sera
at 37°C, to which '**I-labeled C3 (7.0 ug/ml), C5 (2.8 ug/ml), or C9
(3.2 ug/ml) were added. At designated intervals, duplicate 70-ul ali-
quots were layered over 200 ul of 10% sucrose in veronal-buffered
saline with 0.15 mM CaCl, and 0.5 mM MgCl, (VBS++), and the
pellets and supernatants were separated by centrifugation at 12,500 g
for 5 min. Preliminary studies using microscopic evaluation, hemocy-
tometer counts, and viability counts showed that at these bacteria/
serum ratios relatively little loss of either sensitive or resistant bacteria
into the supernatants occurred (< 2%). The tips of the tubes contain-
ing the pellets were cut off and the counts bound determined using
a gamma counter (model 1185; Searle Analytic, Chicago, IL). The
molecules of C3, C5, or C9 specifically bound per CFU were calculated
by subtracting the counts bound in HI sera (< 1% of the total counts)
and correcting for the specific activity of the labeled component, the
ratio of the labeled to the unlabeled protein, and the number of initial
bacteria (6).

SDS-PAGE. The structure of bound C3 and C9 was evaluated by
SDS-PAGE (37). Bacterial strains with and without pADEQ16 were
incubated for 30 min in 20% PNHS containing '**I-labeled C3 or C9, as
above. The pellets and supernatants were separated by centrifugation at
12,500 g for 5 min and the pellets washed twice with DPBS. Samples
were reduced and denatured by boiling for 3 min in 2.5% 2-mercap-
toethanol and 2% SDS in 0.1 M Tris, pH 7.5. To release C3 molecules
that were linked by ester bonds, identical pellets were resuspended in
10 ul DPBS, 2.5 ul 20% SDS, and 12.5 ul of 50 mM methylamine in
200 mM sodium carbonate buffer, pH 11.0; incubated at 37°C for 60
min (38); and the supernatant separated and reduced as above. Sam-
ples for C3 binding were ¢lectrophoresed by SDS-PAGE under reduc-
ing conditions using a 5-15% gradient, and for C9 by using 2-12%
gradients. Gels were dried and developed with Kodak XAR film at
—70°C. Aliquots from peak fractions of sucrose density gradients con-
taining '*I-C9 were prepared in a similar manner as described for '*’I-
C9-containing pellets, and were also run on 2-12% gradients.

Elution experiments. Removal of bound '*’I-C9 from the bacterial
surface by salt, detergent, or protease was evaluated by a modification
of the method of Joiner et al. (7). Bactenia in 20% PNHS, to which
1251.C9 (3.0 ug/ml) was added, were incubated for 30 min as described
above, and aliquots were washed twice in veronal-buffered saline con-
taining 0.1% gelatin, 0.15 mM CaCl, and 0.5 mM MgCI2 (VBSG++).
Pellets were then resuspended and incubated at 37°C for 30 min in (a)
VBSG++, (b)0.1% L-1- p-tosylamino-2-phenylethyl chloromethyl ke-
tone (TPCK )-treated trypsin in VBSG++ (Sigma Chemical Co.), or
(¢) 1.0% zwitterionic detergent SB-12 for S. typhimurium strains and in
(a) VBSG++; (b) 0.1% TPCK-treated trypsin in VBSG++; (¢) 1.0%
Na deoxycholate, pH 7.9; or (d) | M NaCl, pH 7.4, for E. coli 0111:B4
strains. Samples were centrifuged for 5 min at 12,500 g, and pellets and
supernatants were counted. The amount of '**I-C9 eluted from the
bacterial surface was determined by the percentage of total counts re-
leased into the supernatant.

Sucrose density ultracentrifugation. Fractionation of detergent-ex-
tracted bacterial outer membranes by sucrose density ultracentrifuga-
tion was performed using a modification of the technique of Joiner et
al. (7, 39). Bacteria were incubated in 20% PNHS containing '**I-C9
for 30 min at 37°C, washed twice in VBSG++, resuspended in 1%

SB-12 containing 10 mM iodoacetamide, and reincubated for 30 min
at 37°C. This procedure resulted in extraction of 75.8-82.6% of bound
'21.C9 into the supernatant when the mixture was centrifuged at
12,500 g for 5 min. 10-40% sucrose density gradients in VBSG++
containing 1% SB-12 were prepared in 13 X 51 mm polyallomer tubes.
The supernatant was applied to the preformed gradient tubes and sedi-
mented inan SW 50.1 rotor ( Beckman Instruments, Fullerton, CA) for
15 h at 39,000 rpm at 4°C. 10-drop fractions were collected and
counted in a gamma counter (Searle Analytic).

Immunoprecipitation. A murine monclonal antibody to SC5b-9
neo-antigen {Quidel, San Diego, CA) was used to immunoprecipitate
detergent-extracted bacterial membrane C5b-9 complexes (see above).
40-ul aliquots from sucrose density peak fractions were added to 1,000
ul of anti-SC5b-9 antibody diluted 1:100 in immunoprecipitation
buffer (40) and to 1,000 ul of a 1:100 dilution of an unrelated murine
monoclonal antibody raised against amebic antigens, which served as a
control. To each of these was added 100 ] of anti-murine IgG-agarose
(Sigma Chemical Co.). The samples were rocked for 16 h at 4°C, cen-
trifuged at 12,500 g for 5 min, and the pellets were washed five times in
immunoprecipitation buffer. The pellets and the supernatants from all
washes were counted in the gamma counter (Searle Analytic). Specific
immunoprecipitation of '>’I-C9 was determined by subtracting the per-
centage of total counts pelleted by the control monoclonal antibody
from the percentage of total counts pelleted by the anti-SC5b-9 mono-
clonal.

Statistical analysis. Data were subjected to statistical analysis by
use of the 7 test (41).

Results

Effects of pADEQ16 on serum resistance of rough and smooth
E. coli and Salmonella strains. The cosmid construct pA-
DEOI16 contains the rck gene on a 2.1-kb region cloned from
the S. typhimurium virulence plasmid (18). A site-specific mu-
tation in rck on pADEOQ16 abolishes production of the 17-kD
Rck outer membrane protein ( 19); this recombinant construct
is designated pK2011. The effects on serum resistance asso-
ciated with the introduction of pADEO16 and pK2011 into a
variety of E. coli and S. typhimurium strains is shown in Table
II. The addition of pADEO16 rendered both smooth and rough

Table II. Effect of pADEQI16 and pK2011 Plasmid Derivatives
on Serum Sensitivity of Rough and Smooth E. coli, S. minnesota,
and S. typhimurium

Plasmid derivative present

Strains Experiments None pK20t11 pADEO16
Smooth
C14028S 4 1.16+0.43 1.26+0.20 —-0.04+0.10
S. minnesota
S218 2 1.78+0.25 ND -0.07+0.11
E. coli0111:B4 3 3.77+0.15 4.34+0.03 —0.01+0.16
Rough
C14028R 4 6.26+0.38 6.29+0.48  0.06+0.18
S. typhimurium
J42 3 6.00+0.98 6.06+0.66 0.25+0.33
E. coli JA221 3 6.50£0.13 6.38+0.30  1.99+0.53
S. minnesota Ra 2 6.39+0.20 ND 2.92+1.06

Values represent the mean (£SD) log kill of each strain in 50% PNHS
for the indicated number of experiments, as defined in Methods.
Negative values indicate growth of strains in PNHS above that seen
in the HI controls. Values for all strains containing pADEO16 were
significantly different by unpaired ¢ test from corresponding strains
without a plasmid derivative or with pK2011.
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bacteria highly resistant to the bactericidal effects of serum.
Bacterial survival in 50% PNHS was comparable to that seen in
HI sera for all strains tested, except for the rough strains E. coli
JA221 and S. minnesota Ra, which nevertheless showed a
marked increase in survival. Isogenic strains containing con-
struct pK2011 showed serum sensitivity similar to that of the
parent strains. The smooth S. typhimurium C14028S, which is
relatively serum resistant due to the presence of long-chain
LPS, still displays a significant increase in survival with the
introduction of the rck locus. E. coli 0111:B4, which despite its
smooth morphology is relatively serum sensitive due to de-
creased surface coverage with LPS (42), is also rendered fully
serum resistant by pADEO16. The introduction of pADEO16
into rough strains caused a marked increase in the serum resis-
tance of the rough, plasmid-cured S. typhimurium J42, as
shown previously by Hackett et al. (18), and rough, plasmid-
cured S. typhimurium C14028R. These results indicate that the
serum resistance phenotype encoded by rck is expressed inde-
pendently of the LPS structure of the host strain.

Rck-induced serum resistance in E. coli 0111:B4 and E. coli
0111:B4 (pADEOI16). Having shown that pADEO16 con-
ferred high level serum resistance on rough and smooth E. coli
and Salmonella strains, we investigated the mechanisms by
which this resistance to complement killing was mediated. Pre-
liminary studies were done with strains of E. coli 0111:B4 with
and without pADEQI16, since the effect of the plasmid was
greater in this host than in the other smooth strains tested (Ta-
ble II).

Studies of the kinetics of serum killing in 50% PNHS re-
vealed 1.8 and 2.4 logs of kill of E. coli 0111:B4 by 30 and 60
min, respectively (data not shown). In contrast, the introduc-
tion of pADEQI16 resulted in expression of complete serum
resistance at each time point up to 180 min. In addition, we
found killing of E. coli 0111:B4 (pADEO16) to be negligible at
60 min in serum concentrations ranging from 2 to 80% PNHS
(< 0.5 logs; data not shown).

Since premature fluid-phase activation or destruction of
fluid-phase complement components is one of the mechanisms
by which bacteria may avoid complement-mediated killing
(2), we measured residual complement activity in serum that
was incubated with E. coli 0111:B4 or E. coli 0111:B4 (pA-
DEO16). Both strains depleted serum of complement activity,
and both strains reduced total complement activity (CHS50) at
equal rates (53.7 and 52.0% by 30 min, respectively). We also
considered that pADEQ16 might alter the nature of C3 binding
to the surface of E. coli 0111:B4 (pADEO16) or enhance C3
degradation. The relative amounts of C3b and iC3b bound to
both strains were evaluated by SDS-PAGE and found to be
similar. In addition, methylamine treatment of these pellets led
to the release of equivalent amounts of C3b, indicating that
similar amounts of C3b were bound by ester bonds to the sur-
faces of both strains (data not shown). We also determined
that the amount and kinetics of C3 binding to the two strains
over 60 min is similar.

Since we found no differences in the amount of C3 bound
or in the activation of surface-bound C3b, we hypothesized
that rck either prevents formation of the complete terminal
C5b-9 MAC or renders it nonlytic. We studied C9 binding asa
means of determining whether C5b-9 was formed on the bacte-
rial surface. Since C9 is known to be deposited only in the
presence of C5b-8 (43 ), C9 binding would be indirect evidence
that the complement cascade had progressed to the terminal

membrane complex C5b-9. We detected binding of radiola-
beled C9 to both E. coli 0111:B4 and E. coli 0111:B4 (pA-
DEO16), with a progressive increase in cell-associated C9 over
a 30-min incubation period; binding to E. coli 0111:B4 (pA-
DEOQ16) was slightly less than to E. coli 0111:B4 after 15 min
(data not shown).

To test the nature of this C9 binding, the cell-associated
1251.C9 was eluted by a salt solution, detergent, or protease
(Table III). There was no significant difference between the
amount of radiolabeled C9 eluted from the surfaces of the two
strains by either VBSG++, 1 M NaCl, or 1% Na sodium deoxy-
cholate. However, C9 on E. coli 0111:B4 (pADEO16) was sig-
nificantly more susceptible to proteolytic release by 0.1% tryp-
sin. Elution by trypsin resulted in release of 48.9% of radiola-
beled C9 from the surfaces of complement-sensitive E. coli
0111:B4. In contrast, 74.6% of '**I-C9 was eluted from comple-
ment-resistant E. coli 0111:B4 (pADEO16) (P = 0.005).
Based on these preliminary studies, we initially hypothesized
that the C5b-9 complex is present on cells expressing rck, but
that the polymerization or binding of C9 is different, such that
the MAC does not insert effectively in the hydrophobic regions
of the outer membrane, as it does in serum-sensitive E. coli
0111:B4.

Time-kill curves in 50% PNHS of smooth and rough S.
typhimurium 14028 containing pADEO16 and pK2011. The
above studies in E. coli 0111:B4 (pADEOI16) suggest that the
rck-induced effect on complement sensitivity probably acts at
the level of the terminal Cb5-9 membrane attack complex. Fur-
ther studies were performed using smooth S. typhimurium
14028S and rough S. typhimurium 14028R cured of the viru-
lence plasmid (C14028S and C14028R ), in order to place the
rck gene in the native host and to eliminate the possible con-
founding effects of the native virulence plasmid rck gene. The
cosmid constructs pADEO16 and pK2011 were mated into
C14028S and C14028R; the use of pK2011 insured that differ-
ences between pADEO16- and pK2011-containing strains
should be attributable solely to the presence or absence of the
rck gene product.

In both C14028S and C14028R, as shown in Table II, the
addition of pADEQ16 conferred complete resistance to 50%
PNHS, whereas pK2011 had no discernable effect. The ki-
netics of this resistance is shown in Fig. 1. C14028R(pK2011)
is rapidly killed, with four logs of kill in 10 min;
C14028S(pK2011) is relatively serum resistant but still shows
slightly over one log of kill in 30 min. In contrast, there was no
killing of C14028S(pADEO16) or C14028R (pADEO16).

C5 binding to smooth and rough S. typhimurium C14028
containing pADEQ16 and pK2011. C5 binding to C14028S-

Table I11. Release of '*I-C9 from E. coli 0111:B4 and E. coli
0111:B4 (pADE016) by VBSG++, NaCl, NaDOC, and Trypsin

Percentage of pellet counts released into supernatant

Elution E. coli E. coli
conditions 0111:B4 0111:B4pADE016) P value
VBSG++ 44.8+14.6 48.9+6.8 0.513
1 M NaCl 71.0£12.7 69.7+5.4 0.805
1% NaDOC 83.2+7.6 77.9+14.7 0.416
0.1% Trypsin 48.9+17.3 74.6+9.1 0.005

Each value represents the mean+SD of six experiments.
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Figure 1. Time-kill curve of S. typhimurium 14028 strains containing
either pADEQ16 or pK2011. Comparable suspensions of mid-log
phase bacteria (~ 5 X 107/ml) were incubated at 37°C in 50% PNHS
or HI. Aliquots were removed at 0, 15, 30, and 60 min and were
plated for viability counts. Viability of surviving bacteria are ex-
pressed as the log base 10 of the colony counts.

(pADEOI16), C14028S(pK201it), C14028R(pADEOI16),
and C14028R (pK2011) is shown in Fig. 2 4. There are no
significant differences in C5 binding between any of the strains
at either 10, 30, or 60 min, and the kinetics of binding are
similar. We repeated these experiments in 20% PNHS-
and C8-depleted sera, using C14028R(pADEOI16) and
C14028R(pK2011). There are no significant differences in the
binding of C5 in 20% PNHS- or C8-depleted sera in these
strains (Fig. 2 B), indicating that bacteriolysis of the serum-
sensitive strains does not significantly affect the results of
the binding assay. It appears that C5, the initial component of
the terminal MAC, binds equally well to strains with and with-
out rck.

C9 binding to smooth and rough S. typhimurium CI14028
containing pADEOI16 and pK2011. C9 binding to smooth
C14028S(pADEO16)and C14028S(pK2011) is shown in Fig.
3 A. At all three time points there is less C9 binding to the
rck-containing strain C14028S(pADEOI16), (35.1, 69.9, and
70.0% of the mean C9 binding to C14028S(pK2011)at 10, 30,
and 60 min, respectively); these differences reach statistical
significance at 30 min (P = 0.015), and nearly so at 60 min (P
= 0.057).

We find that all our rough S. typhimurium strains tested,
(including S. typhimurium 14028R and S. typhimurium
C14028R; data not shown), bind two to nine times more C9
than the smooth strains. Similar findings were noted by Joiner
et al. in their studies of rough and smooth S. minnesota (6) and
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Figure 2. C5 binding to S. typhimurium C14028 strains containing
either pK2011 or pADEO16. Bacteria (2 X 10%/ml) were incubated
in 20% sera at 37°C to which '’I-C5 was added. Aliquots were re-
moved at timed intervals, pellets separated by centrifugation, and
bound counts determined. Molecules of C5 specifically bound per
CFU were calculated by subtracting counts bound in HI sera from
counts bound in PNHS or C8D and correcting for the specific activity
of the labeled component, the ratio of the labeled to the unlabeled
component, and CFUs/ml. Values represent the mean of four exper-
iments plus or minus the standard error. (4) Specific C5 binding to
C14028S and C14028R strains containing either pK2011 or
pADEOQ16) in PNHS. (B) Specific C5 binding to C14028R strains
containing either pK2011 or pADEO16 in C8D and in PNHS.

S. typhimurium (44). C9 binding to rough strains
C14028R (pADEO16) and C14028R(pK2011) is shown in
Fig. 3 B. As with the smooth strains, we found that there is less
C9 binding to the rough rck-containing strain C14028R( pA-
DEOI16) at all time points, (57.7, 49.1, and 65.8% of the mean
C9 binding to S. typhimurium C14028R[pK2011] at 10, 30,
and 60 min, respectively); the differences reach statistical sig-
nificance at 30 min (P = 0.01), and nearly so at 60 min (P
= 0.067). Similar differences are seen at 90 and 120 min (data
not shown).

SDS-PAGE of ¥ I-C9-labeled rough and smooth S. typhi-
murium containing pADEQO16 and pK201 1. Although S. typhi-
murium strains containing rck stably bind less C9 than do iso-
genic strains without rck, it seemed unlikely to us that these
modest differences alone could account for the marked in-
creases in serum resistance associated with the presence of rck.
There is a marked difference between the survival of rough rck
strains and rough strains without rck by 10 min (> 4 logs; Fig.
1) before large absolute differences in C9 binding are apparent

Mechanisms of rck Serum Resistance 957



A
20000 1
—O— C140285(pK2011)
S —f~  C14028S(pADEO16)
6
o« 15000 4
w
[
-3
o
'S
o
7]
w
-
S
[
i}
-
[~
H
1] T T 1
] 20 40 60
MINUTES INCUBATION
B
200000 4
—l— C14028R(pK2011)

S —&— C14028R(pADEO16)
rd
(7]
[ 3
w
a
[- 3
o
w
[+]
]
w
-
S
o
]
-d
[*]
-

T T

0 20 40 80

MINUTES INCUBATION

Figure 3. C9 binding to S. typhimurium C14028 strains containing
either pK2011 or pADEO16. Bacteria (2 X 10%/ml) were incubated
in 20% sera at 37°C to which '#*1-C9 was added. Aliquots were re-
moved at timed intervals, pellets separated by centrifugation, and
bound counts determined. Molecules of C9 specifically bound per
CFU were calculated by subtracting counts bound in HI sera from
counts bound in PNHS and correcting for the specific activity of the
labeled component, the ratio of the labeled to the unlabeled compo-
nent, and CFUs/ml. Values represent the mean of six experiments
plus or minus the standard error. (A4) Specific C9 binding to C14028S
containing either pK2011 or pADEO16. ( B) Specific C9 binding to
C14028R containing either pK2011 or pADEO16. Note that the scale
for B is one log greater than that for 4.

(Fig. 3 B). In addition, C9 binding to rough C14028R (pA-
DEOI6), although less than with rough S. typhimurium
C14028R (pK2011), is more than 2.5 times greater at all time
points than that seen with smooth C14028S(pK2011); despite
this, C14028S(pK2011)is killed in 50% PNHS, whereas rough
C14028R (pADEO16), containing rck, is not (Table II).

We hypothesized that the decrease in C9 binding mediated
by rck might be due to either complete or partial inhibition of
C9 polymerization in the C5b-9 complex. To determine
whether C9 bound to S. typhimurium bacterial membranes
formed high molecular weight complexes consistent with tubu-
lar MACs, the molecular form of C9 bound to C14028S(pA-
DEO16), C14028S(pK2011), C14028R(pADEOQOI16), and
C14028R(pK2011) was determined as described in Methods.
Complete absence of high molecular weight C9 on the surface
of the rck-containing strains would suggest that C9 is not poly-
merized into the tubular form of the MAC known to be resis-

tant to SDS (45). Evaluation of the pellets by SDS-PAGE (2-
12% gradient gel) under reducing conditions showed that C9
formed high molecular weight, SDS-resistant polymeric com-
plexes on all strains (Fig. 4). This result indicates that the de-
crease in C9 binding seen in C14028S (pADEOI16) and
C14028R (pADEOQ16) does not result in complete absence of
SDS-resistant polymerized C9 on the bacterial surface. Never-
theless, although all strains show evidence of high molecular
weight C9 complexes, there appears to be relatively fewer of
these complexes associated with the rck-containing strains
C14028S(pADEO16) and C14028R(pADEO16).

Elution studies. We speculated that rck-mediated serum
resistance might be associated with a relative shift away from
SDS-resistant polyC9; alternatively, since rck does not com-
pletely inhibit the formation of SDS-resistant polymeric C9 on
the bacterial surface, it may act by directly preventing insertion
of polymeric C9 into the hydrophobic regions of the bacterial
outer membrane, a stage known to be necessary for comple-
ment-mediated killing in serum-sensitive bacteria (44-46).
Both SDS-sensitive polymeric C9 and C5b-9 complexes not
fully inserted in the outer membrane have been shown to be
sensitive to trypsin proteolysis (7, 47, 48). Based on our initial
studies with E. coli 0111:B4, we chose to test these possibilities
by examining the C9 eluted from the bacterial surface using a
salt solution, detergent, or protease. There is no significant dif-
ference between the percentage of radiolabeled C9 eluted from
the surfaces of smooth strains with and without rck by either
VBSG++ or the zwitterionic detergent SB-12 ( Table IV). Elu-
tion with VBSG++ and SB-12 results in slightly greater release
of C9 from C14028R(pADEQI16) than from S. typhimurium
C14028R (pK2011), although only with VBSG++ were these
differences significant. Comparison of proteolytic release of C9
by 0.1% trypsin showed more marked differences. Relatively
little C9 is eluted from the surface of C14028R(pK2011)
(26.4%). In contrast, 55.7% of '»’I-C9 was eluted from
C14028R(pADEOI16) by trypsin treatment (P = 0.005); the
differences were similar to those seen between E. coli 0111:B4
and E. coli 0111:B4 pADEO16 (Table III). Smaller differences

Figure 4. Molecular
form of '*I-C9 bound
to S. typhimurium
C14028 strains contain-
ing pADEO16 or
pK2011. Bacteria were
incubated for 1 h with
125L_labeled C9 in 20%
PNHS at 37°C; super-
natants and pellets were
electrophoresed by
SDS-PAGE (2-12%)
under reducing condi-
tions. All sample lanes
were loaded with 10,000
cpm. Lane 1, polyC9
neoantigen; lane 2,
monomeric C9; lane 3,
C14028R(pK2011);
lane 4, C14028R(pA-
DEOI16); lane 5,
C14028S(pK2011); lane 6 C14028S(pADEOI16). Note that only
small amounts of the high molecular weight polyC9 neoantigen con-
trol are visible in lane / under these conditions.
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Table IV. Release of '"*I-C9 from C14028S (pK2011), C14028S (pADEO016), C14028R (pK2011), and C14028R (pADEO16)

by VBSG++, Trypsin, and SB-12

C14028S C14028R
Elution
conditions K2011 pADEO016 P value K2011 pADEO16 P value
VBSG++ 41.2+5.7 42.9+11.5 0.648 13.2+5.4 23.0+4.2 0.006
Trypsin 70.5+15.4 81.6+6.0 0.060 26.4+8.2 55.7+8.2 0.001
SB-12 76.4+9.7 81.0+5.7 0.392 75.8+4.1 82.6+8.8 0.438

Values for VBSG++ and Trypsin elutions represent the mean+SD of six experiments; those for SB-12 elutions represent the mean of three ex-

periments. P values were calculated by means of Student’s paired ¢ test.

between C14028S(pADEOI16) and C14028S(pK2011) in
trypsin release of C9 approached but did not reach significance
(P = 0.06). The percentages of C9 eluted by any method was
consistently higher in the smooth strains than in the rough
strains; Joiner et al. (6, 7) showed that in smooth S. minnesota
most C9 is deposited on long-chain LPS at a distance from the
outer membrane. This peripherally bound C9 tends to release
spontaneously from the bacterial surface and is more suscepti-
ble to elution by both salt and proteases than is C9 deposited on
rough strains. These experiments indicated that C9 on the sur-
face of rck-containing bacteria may be less tightly bound than
that on bacteria without rck and may be more susceptible to
proteolytic cleavage, confirming the initial findings in E. coli
0111:B4.

Sucrose density gradient analysis. To determine if there
were differences in the size and form of the high molecular
weight C9 complexes bound to the surfaces of strains with and
without rck, we subjected detergent-extracted '>’I-C9-labeled
bacterial membranes from CI14028R(pADEQO16) and
C14028R (pK2011)to sucrose density gradient ultracentrifuga-
tion. Joiner et al. (48) showed previously that terminal C5b-9
complexes, inserted in serum-sensitive Neisseria gonorrhoeae
outer membranes, sedimented predominantly as a single sharp
high molecular weight peak at ~ 338, with a small shoulder at
23S. We found that '%’I-C9 extracted from C14028R(pK2011)
had a very similar sedimentation profile (Fig. 5 4), with a
single prominent high molecular weight peak (peak A) with a
small shoulder (peak B). However, '¥I-C9 extracted from
serum-resistant C14028R (pADEO16) shows a markedly dif-
ferent profile. In addition to the smaller high molecular weight
peak (a) corresponding to peak A, there is a second and more
prominent peak (b) running higher in the gradient, indicating
the presence of large amounts of 2*I-C9 associated with some-
what lower molecular weight complexes. In addition, there ap-
pears to be more low molecular weight C9, running in the
range of monomeric C9, in the C14028R(pADEQI16) gra-
dients.

Similar findings were noted in sucrose density gradient
ultracentrifugation studies with '**I-C9-labeled smooth
C14028S(pADEO16) and C14028S(pK2011)(Fig. 5 B). Dis-
tribution of membrane-extracted C9 in the sensitive strain S.
typhimurium C14028S(pK2011) is similar to that previously
described in smooth S. minnesota (7): a broader high molecu-
lar weight peak (peak M) with a lower molecular weight
shoulder (N). The rck-containing strain, S. typhimurium
C14028S(pADEOI16), shows a shift in C9 from the higher mo-
lecular weight region (peak m) to the lower molecular weight
peak (peak n).

To determine whether these differences in distribution of
extracted C9 reflected differences in the entire C5b-9 complex,
sucrose density gradient ultracentrifugation studies were under-
taken using '*’I-C5-labeled S. typhimurium C14028R(pA-
DEO16) and S. typhimurium C14028R (pK2011) (Fig. 5 C).
The gradient curves were different than those seen with mem-
brane-extracted C9, with most C5 in both strains running as a
low molecular weight species consistent with monomeric C5
(peaks Z, z). Similar C5 curves have been reported previously,
suggesting that significant amounts of C5 bound to the bacte-
rial surface do not participate in C5b-9 complexes (49). The
smaller, high molecular weight regions X, x and Y, y appear to
correspond to peaks A, a and B, b of Fig. 5 4 and peaks M, m
and N, n of Figure 5 B, indicating that both C5 and C9 are
present in these high molecular weight regions. The only signifi-
cant difference between the C5 sedimentation profiles of the
two strains was the small high molecular weight peak (X) in
C14028R (pK2011) not present in C14028R(pADEO16).

Immunoprecipitation of sucrose density gradient peaks
with monoclonal antibodies raised against SC5b-9. To deter-
mine whether the high molecular weight peaks in the '*°I-C9
sucrose density gradients represented polymeric or monomeric
C9, we immunoprecipitated the >’I-C9 in the peak fractions of
C14028R(pADEO16)and C14028R (pK2011) by use ofa mu-
rine monoclonal antibody raised against the fluid-phase SC5b-
9 complex. This antibody reacts with polymerized C9 and not
with monomeric C9 on immunoblots (data not shown); in
addition, it specifically immunoprecipitates more polymerized
C9 neoantigen than monomeric C9 (38 vs. 16%). Most of the
1251.C9 associated with the highest molecular weight peaks (A,
a) is specifically immunoprecipitated by the anti-SC5b-9 anti-
body (56.5 and 70.8%, respectively), as shown in Table V. The
1251.C9 associated with peaks B and b is also immunoprecipi-
tated by this antibody, although to a lesser extent (34.2 and
58.3%, respectively). The percentage of monomeric-range '?°I-
C9 immunoprecipitated (peaks C and c¢) is significantly less
than the percentage immunoprecipitated from peaks A, a, B,
and b.

The higher molecular weight regions (X, x, Y, y) in the C5
gradients from both C14028R(pADEO16) and C14028R-
(pK2011) were also specifically immunoprecipitable by the
anti-SC5b-9 monoclonal antibody, whereas the large low mo-
lecular weight peaks showed no immunoprecipitation (data
not shown ). This suggests that '25I-C5 in fraction peaks X, x, Y,
and y also exists as high molecular weight complexes recogniz-
able to the anti-SC5b-9 monoclonal antibody, most likely in
the form of C5b-9, since this antibody also immunoprecipitates
1251.C9 from comigrating peaks.
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Figure 5. Sucrose density gradient ultracentrifugation of detergent-
extracted '*I-C9 or '*I-C5 from smooth and rough S. typhimurium
with and without rck. Bacteria were incubated in 20% PNHS con-
taining '°I-C9 or '*I-C5 for 30 min at 37°C, washed twice, resus-
pended in 1% SB-12, and reincubated for 30 min at 37°C. The su-
pernatant was applied to preformed 10-40% sucrose density gradients
and sedimented for 15 h at 39,000 rpm at 4°C. 10-drop fractions
were collected and counted. (4) '*I-C9 extracted from
C14028R(pADEO16) and C14028R (pK2011) (B) '»I-C9 extracted
from C14028S(pADEO16) and C14028S(pK2011) (C) '*I-CS5 ex-
tracted from C14028R( pADEO16) and C14028R(pK2011). Frac-
tion cpm and number are normalized to percent of total cpm and
number, respectively. The figures shown are representative curves of
six (A4) or three (B and C) experiments.

SDS-PAGE autoradiography of sucrose density gradient ul-
tracentrifugation peak fractions. It appeared likely that the
higher molecular weight peaks and shoulders in both
C14028R(pADEO16) and C14028R (pK2011) contain C5b-9
complexes. To investigate whether these complexes contain
SDS-resistant polymeric C9, as is present in the tubular MAC
(47), we subjected fraction peaks A, a, B, and b to SDS-PAGE
autoradiography (Fig. 6). The fractions from the predominant
peak (A) of C14028R(pK2011) showed the presence of high
molecular weight complexes containing '®I-C9, as did the
corresponding but smaller high molecular weight peak (a) of

Table V. Specific Immunoprecipitation of '*I-C9 from Peak
Sucrose Density Gradient Fractions by anti-SC5b-9
Monoclonal Antibody

Percent of '2°I-C9 immunoprecipitated from

specified peak fractions
Strain A B C
C14028R(pK2011) 56.5+£19.6 342+124 12.5+8.8
a b c
C14028R(pADEO016) 70.8+2.1 58.3+17.2 9.8+3.7

Each value represents the mean+SD of three experiments. A, B, C
and a, b, c refer to sucrose density gradient peak fractions as shown
in Fig. 5 4.

C14028R(pADEOQO16). However, there was only a faint high
molecular weight band from shoulder (B) of S. typhimurium
C14028R(pK2011), and no polymeric C9 was detected from
peak (b) of C14028R(pADEOI16). Similar results were ob-
tained with peaks M and N of C14028S(pK2011) and peaks m
and n of C14028S(pADEOI16) (data not shown).

The single major peak seen with C14028R (pK2011 ) ( peak
A, Fig. 5 4) most likely represents terminal C5b-9 complexes
containing multiple molecules of C9, since at least three mole-
cules of C9 are necessary for formation of SDS-resistant tubu-
lar polyC9 (50). High molecular weight MACs are generally
heterogenous, containing both SDS-resistant tubular polyC9
and linear C9 that is broken down to monomeric C9 by SDS
under reducing conditions (49); both populations are seen in
the SDS-PAGE of peak A (Fig. 6, lane 1). The corresponding
but smaller peak in S. typhimurium C14028R(pADEOI16)
(Fig. 5 A, peak a) most likely also contains some intact high
molecular weight, tubular MAC. However, the slower sedi-
menting peak seen uniquely in the rck-containing strain ( Fig. 5
A, peak b) appears to represent C5b-9 complexes that, al-

MWM 1 2 3 4 §5 6 Figure 6. Molecular
form of '°I-C9 in peak
i fractions from sucrose
density gradient ultra-
centrifugations of S. ty-
phimurium C14028R
containing pADEO16
or K2011. Aliquots
from peak and shoulder
fractions A and B
[C14028R(K2011)]
and from peak fractions
aand b [C14028R(pA-
DEO16)] from Fig. 5
were electrophoresed by
SDS-PAGE (2-12%)

- s -
under reducing condi-
tions. All sample lanes

were loaded with 1,000

cpm. Lane I, polyC9 neoantigen; lane 2, monomeric C9; lane 3, peak
A; lane 4, shoulder B; lane 5, peak a; lane 6, peak b. Note that only
small amounts of the high molecular weight polyC9 neoantigen con-
trol are visible in lane / under these conditions.

kD

ERDNE

960 E. J. Heffernan, S. Reed, J. Hackett, J. Fierer, C. Roudier, and D. Guiney



though recognized by the anti-SC5b-9 monoclonal antibody,
do not contain SDS-resistant, polymeric C9 indicative of the
tubular MAC.

Discussion

We have previously shown that the S. typhimurium viru-
lence plasmid rck gene, encoding a 17-kD outer membrane
protein product Rck, is responsible for serum resistance in-
duced in S. typhimurium J42 by introduction of recombinant
cosmid pADEO16 (19). In the present study we showed that
pADEOI16 conferred upon a variety of rough and smooth E.
coli and Salmonella serotypes the ability to grow in 50% PNHS
at rates comparable to their growth in HI serum controls. This
effect was abolished when we made a deletion mutation in the
rck gene. These studies confirm and extend the original obser-
vations made by Hackett et al. (18) that a segment of the viru-
lence plasmid could mediate serum resistance in rough E. coli
and S. typhimurium strains without restoring or altering the
LPS electrophoretic profile (18).

Because pADEO16 had such a profound effect on serum
resistance (increasing survival by over six logs), we decided to
determine how rck subverts the bactericidal effect of comple-
ment. Preliminary studies were performed using E. coli
0111:B4 and E. coli 0111:B4 pADEO16. We found no signifi-
cant difference in the activation or depletion of fluid-phase
complement components, in C3 binding, in the percentage of
C3 bound to the bacteria by thio-ester bonds, or in the amount
of C3 that was degraded to C3b and iC3b. Furthermore, C9
binding to E. coli 0111 and E. coli 0111:pADEQO16 was not
significantly different. Since C9 binds only as part of the C5b-9
terminal membrane complex, this implied that C5 convertases
were not affected by rck, and that the terminal membrane
complex formed on the surface. However, we found that C9
bound to E. coli 0111:pADEQO16 was more susceptible to pro-
teolytic cleavage by trypsin than was C9 bound to E. coli 0111.
These results led us to hypothesize that rck affected the interac-
tion between the C5b-9 membrane attack complex and the
outer membrane of the bacteria.

We tested our hypothesis by introducing pADEO16 or
pK2011 (containing a knockout mutation in rck) into smooth
and rough S. typhimurium 14028 strains cured of the native
virulence plasmid. C5 bound equally to all of these strains,
confirming that rck did not inhibit the activity of C5 conver-
tases. We did find that less C9 was bound by S. typhimurium
14028 strains expressing rck, although these differences were
significant only after 30 min of incubation. These differences
in C9 binding are unlikely to account for the rck-induced effect
on serum resistance, however. In kinetic experiments we found
that after 10 min there was no significant difference in the
amount of C9 bound by rough S. typhimurium with and with-
out rck, whereas there was already a four log difference in
serum killing between the two S. typhimurium strains (Fig. 1).
Furthermore, the total amount of C9 bound does not appear to
correlate with serum killing since rough S. typhimurium ex-
pressing rck binds two to nine times more C9 than the smooth
S. typhimurium without rck, yet the latter is killed in 50%
PNHS and the former is not.

However, the nature of bound C9 does appear to correlate
with serum susceptibility in these strains. C9 bound to rough S.
typhimurium with rck was more susceptible to proteolytic re-
lease by trypsin and, to a lesser extent, to elution by VBSG++.

It is known that failure of C5b-9 complexes to insert deeply in
the hydrophobic outer membrane and failure to form the tubu-
lar MAC render C9 sensitive to proteolytic cleavage (7, 47, 48).
We found by SDS-PAGE analysis that surface-bound C9 mole-
cules were associated with SDS-resistant, high molecular
weight complexes, consistent with C9 polymers in the tubular
form of the MAC (47). However, fewer tubular MACs were
present on S. ryphimurium strains with rck.

Using sucrose density gradient ultracentrifugation of deter-
gent-extracted bacterial outer membranes, we found that rck
was associated with a shift from high molecular weight C5b-C9
complexes to a lower molecular weight form. The high molecu-
lar weight complexes from S. typhimurium without rck mi-
grated as a single, sharp, asymmetrical peak, similar to that
seen with serum sensitive N. gonorrhoeae, believed to represent
the fully polymerized MAC (39). In contrast, S. typhimurium
strains with rck showed two distinct C9-containing high molec-
ular weight peaks, a smaller one comigrating with the pre-
sumed MAC peak in the serum-sensitive strains and a larger
peak running at a lower molecular weight. Both forms of C9-
containing complexes were precipitated by a mouse monoclo-
nal antibody that recognizes an epitope of the SC5b-9 complex,
indicating that even the lower molecular weight material con-
tained recognizable C5b-9 complexes. This was confirmed by
showing that the antibody also precipitated C5 from the same
peaks. However, the lower molecular weight form of C5b-9,
found only on strains expressing Rck, was dissociated by SDS
and migrated on PAGE as monomeric C9. The predominant
higher molecular weight form of C5b-9 extracted from the
serum-sensitive strain without rck was not dissociated by SDS
and migrated as a high molecular weight band. SDS resistance
of C9 in C5b-9 complexes has been shown to be a consequence
of the formation of tubular polymerized C9; other forms of
polymerized C9 (linear or incomplete rings) are dissociated by
SDS to monomeric C9 (47).

Our findings indicate that the Rck protein alters the molecu-
lar configuration of polymerized C9 associated with the C5b-9
complex on the bacterial surface. Rck is associated with a shift
toward the formation of lower molecular weight C5b-9 com-
plexes, in which C9 either does not form polymers (e.g., C5b-
9,) or forms linear polymers or incomplete rings sensitive to
SDS dissociation. The latter seems more likely, since the
shoulder from the serum-sensitive strain that comigrates with
the unique rck peak contains SDS-resistant poly C9, suggesting
that the C5b-9 in this region of the gradients contain multiple
C9 molecules. In addition, the mouse monoclonal antibody to
SC5b-9 that immunoprecipitates the C9 in the rck peak is be-
lieved to recognize conformationally altered C9 molecules pres-
ent in polymerized C9 (Ibarra, K., personal communication).

The precise molecular form of the terminal MAC required
for complement-mediated killing of bacteria is unknown. Al-
though some studies have suggested that C5b-8 alone may pro-
duce slow bacteriolysis (51}, the binding of multiple molecules
of C9 to the surface C5b-8 complex appear to be required for
rapid and efficient killing of both E. coli and S. typhimurium
(44-46, 52, 53). Sequential C9 polymerization is associated
with expression of hydrophobic binding sites (54 ), stable inser-
tion in the outer membrane (55), increased outer membrane
permeability (46, 53, 56), dissipation of the cytoplasmic trans-
membrane potential (45, 53, 57, 58), and membranolysis (55,
59). However, it is uncertain whether bacterial killing requires
the formation of circularly polymerized C9 resistant to SDS
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(the classical ring structure of the MAC). Thrombin-cleaved
C9, which can form linear but not circular C9 polymers, is
capable of killing rough E. coli strains in vitro (58). However,
mutationally altered regions of S. typhimurium outer mem-
brane LPS, regions that render these bacteria susceptible to
complement-mediated killing, show evidence of preferential
deposition of tubular poly C9 (60). It has been suggested that
the ability of complement to form detergent and protease resis-
tant tubular complexes may prevent degradation by bacterial
products and enzymes (47).

Rck-mediated serum resistance may be due directly to inhi-
bition of tubular MAC formation and insertion; alternately,
the failure to form tubular MAC may reflect a more general
effect on C9 polymerization. In either case, the Rck effect on
C9 polymerization in the bacterial membrane represents a
novel mechanism of serum resistance in Salmonelia.

Detailed studies in Salmonella minnesota indicated that
long O antigen side chains induced C3 deposition and subse-
quent formation of the C5b-9 MAC at a site distant from the
complement-susceptible hydrophobic portion of the outer
membrane (6, 7). The C5b-9 complex was found to be asso-
ciated with the long-chain LPS by weak ionic/hydrophilic in-
teractions; the complex was found to spontaneously dissociate
from the outer membrane over time and to be susceptible to
elution by high salt solutions. Rck-mediated serum resistance
occurs by a mechanism independent of LPS, and the effect is
seen in both rough and smooth LPS strains.

Stable binding of the MAC to the bacterial membrane with-
out lysis or death has been reported with certain serum-resis-
tant strains of Neisseria gonorrhoeae (39, 48, 49). Joiner et al.
(39) found evidence that nonbactericidal C5b-9 was associated
with bacterial outer membrane constituents, was trypsin sensi-
tive, and ran on sucrose density gradients as complexes of
higher molecular weight than did the bactericidal MAC formed
on the serum sensitive strain. They postulated that the MAC
was associated with an outer membrane protein. Although Rck
also appears to permit the formation of stably bound, nonbac-
tericidal C5b-9 complexes, we found that these complexes ran
at a lower molecular weight than the MACs on serum-sensitive
strains. The most likely explanation for these findings is that
C9 does not fully polymerize in the presence of Rck.

Rck does not completely inhibit the formation of intact
MAC:s, as indicated by the presence of some covalently bound
125].C9 that sediments as high molecular weight complexes in
rck-containing strains. Despite the formation of these intact
MACGCs, however, our S. typhimurium strains with rck remain
completely serum resistant. These MACs could represent com-
plete C5b-9 complexes that are associated with LPS side chains
and are therefore not bactericidal (6).

We postulate that because Rck is an outer membrane pro-
tein it acts only on those complement components that reach
the hydrophobic portion of the outer membrane that lies be-
neath the LPS side chains. In wild-type smooth strains, more
C5b-9 complexes interact with LPS than in rough strains (6,
7). Nevertheless, even in smooth bacteria some C5b-9 com-
plexes must be effectively inserted into the membrane, given
the small but significant loss of viability in 50% PNHS. Rck in
smooth S. typhimurium provides complete protection from
serum killing mediated by these complexes and probably shifts
the form of these complexes to the lower molecular weight
SDS-sensitive complex (Fig. 5 B), asit does in the rough strains

(Fig. 5 A). However, since the bulk of the bound C5b-9 in
smooth strains is associated with LPS, the effect of Rck on
altering these complexes is partially obscured.

rck is clearly different from the other plasmid-encoded loci
reported to affect the survival or growth of Salmonella sero-
types in serum. Sequence analysis demonstrates that Rck is not
similar to the TraT-like protein encoded by the S. ryphimu-
rium virulence plasmid nor are any of the characteristic 10-bp
rsk direct repeats present in the rck gene (13). Southern hybrid-
ization studies detect homologous regions on the virulence
plasmids of S. enteritidis and S. dublin (data not shown ). How-
ever, the region homologous to rck on the S. dublin virulence
plasmid pSDL2 maps outside of the locus affecting LPS side
chain structure described by Kawahara et al. (16); in addition,
Terakado et al. (17) did not find any homology to this locus on
virulence plasmids of S. typhimurium LT2 strains (17). Fur-
thermore, LPS composition is not altered by the cloned rck
gene (18).

Sequence analysis of rck revealed a striking similarity to a
family of outer membrane proteins in Enterobacteriaceae, con-
sisting of Ail, PagC, Lom, and OmpX (21, 24, 61, 62). The Ail
protein, encoded by the Yersinia enterocolitica chromosome,
was originally selected for its ability to confer epithelial cell
invasion properties on E. coli (22). Recent evidence indicates
that Ail and Rck share similar serum resistance phenotypes
when cloned in E. coli or Salmonella strains and that Rck
enhances the ability of E. coli to invade epithelial cell lines
(Heffernan, E., and J. Bliska, unpublished data). The serum
resistance and invasion phenotypes of PagC and OmpX have
not been reported. However, the complement resistance prop-
erty of Rck is not shared by Lom, despite comparable expres-
sion and localization in the outer membrane (reference 62;
Heffernan, E., unpublished data). This result indicates that the
serum resistance phenotype is not a nonspecific effect of this
family of outer membrane proteins. Significantly, homology
analysis indicates that Lom is the most distantly related
member of this protein family (18).
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