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A mutation in the msbB gene of Escherichia coli results in the synthesis of E. coli lipopolysaccharide (LPS)
that lacks the myristic acid moiety of lipid A. Although such mutant E. coli cells and their purified LPS have
a greatly reduced ability to stimulate human immune cells, a minor reduction in the mouse inflammatory
response is observed. When the msbB mutation is transferred into a clinical isolate of E. coli, there is a
significant loss in virulence, as assessed by lethality in BALB/c mice. When a cloned msbB gene is provided to
functionally complement the msbB mutant, virulence returns, providing direct evidence that the msbB gene
product is an important virulence factor in a murine model of E. coli pathogenicity. In the genetic background
of the clinical E. coli isolate, the msbB mutation also results in filamentation of the cells at 37°C but not at 30°C,
a reduction in the level of the K1 capsule, an increase in the level of complement C3 deposition, and an increase
in both opsonic and nonopsonic phagocytosis of the msbB mutant, phenotypes that can help to explain the loss
in virulence. The demonstration that the inhibition of msbB gene function reduces the virulence of E. coli in a
mouse infection model warrants further investigation of the msbB gene product as a novel target for antibiotic

therapy.

The lipopolysaccharide (LPS) of gram-negative bacteria is a
complex amphipathic molecule composed of lipids and sugars.
Both of these constituents of LPS have been shown to play
critical roles during the interaction between the gram-negative
pathogen and the innate host defense (1, 22, 36). LPS is best
known for its strong immunostimmulatory ability, yet the role
of this activity in virulence is poorly understood. It was not
until the lipid A component of LPS was chemically synthesized
and shown to have as potent a stimulatory capability as highly
purified LPS that the lipid A moiety became generally ac-
cepted as the primary stimulatory component of LPS (9). Since
that time, numerous studies have attempted to define the es-
sential structural components of lipid A that are necessary for
immunomodulation (25, 28, 34). The fact that the host inflam-
matory response is so profoundly affected by LPS, which is
often found among the normal flora of the human body, has
also led to the suggestion that the host uses this interaction as
a surveillance mechanism to detect any breach of a host barrier
(37). Recently, it has been suggested that some gram-negative
bacteria have adapted the structure of their lipid A in such a
way that it may provide a means to evade host surveillance and
thus allow colonization to occur (7, 19, 27). Such an event
could be critical to the establishment of chronic inflammatory
disease.

Although there is a clearly defined activity for LPS as an
immunomodulator, little is known about the role of the lipid A
component of LPS as a virulence determinant in the processes
of infection and invasion. This lack of knowledge is due to the
fact that most mutations in lipid A biosynthesis result in a
conditionally lethal phenotype (24), obviating their use in vir-
ulence studies. We recently reported that a mutation in the
msbB gene of Escherichia coli results in a strain that no longer
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adds the myristic acid moiety to the lipid A of the LPS (33). In
the E. coli K-12 background used, the msbB strain had no
obvious defect in growth phenotype; this mutation therefore
represented the first mutation in lipid A biosynthesis that per-
mitted studies on the role of LPS when viable bacteria are
presented to host defense cells. The msbB strain and the non-
myristoylated LPS (nmLPS) isolated from the msbB strain
both showed a dramatically reduced ability to stimulate either
myeloid or nonmyeloid immune cells (33). Khan et al. (12)
recently showed that a Salmonella typhimurium msbB strain
could achieve wild-type growth kinetics in vivo yet was aviru-
lent, demonstrating a role for LPS in the virulence of this
organism.

The role of the msbB gene product in the virulence of other
bacteria remains unknown, however. General conclusions
about the role of the msbB gene product cannot be drawn from
mouse studies with S. typhimurium, since this bacterium is a
mouse pathogen that has evolved complex regulatory mecha-
nisms to adapt to the localized environments of the host.
Therefore, although a functional msbB gene is necessary for S.
typhimurium virulence, it remains to be determined if it has a
role in the virulence of the more common nosocomial bacteria.
In this study, the msbB mutation was transferred into a clinical
isolate of E. coli to evaluate its role in virulence and its poten-
tial as a target for novel antimicrobial therapies. In a mouse
model of infection commonly used to test the efficacy of novel
antibacterial agents, the msbB mutation resulted in an in-
creased 50% lethal dose (LDs,). The reduction in virulence
could not be accounted for solely by a reduction in LPS tox-
icity. Rather, the msbB strain displayed a pleiotropic pheno-
type; the mutation altered cell surface interactions with
complement and rendered the strain more susceptible to op-
sonization. These results indicate that normal msbB gene func-
tion may be necessary for bacterial resistance to host defense
factors and that targeting msbB could be a successful strategy
for novel antimicrobial therapies.
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FIG. 1. Genetic organization of the cloned msbB gene and a mutated form of the msbB gene as recombined into a clinical isolate of E. coli. (A) Structure of the
1,630-bp region of E. coli K-12 DNA which contains the functional msbB gene that was cloned into the high-copy-number vector pUCI18 to form pBMS66 or into the
lower-copy-number vector pBR322 to form pBMS76. (B) Structure of the mutated msbB gene in plasmid pBMS71 that was used for directed mutagenesis of E. coli
JMBS3. This mutated form of the msbB gene was subsequently transferred by P1 transduction to E. coli H16 to form strain M600.

MATERIALS AND METHODS

Bacterial strains, plasmids, and phages. E. coli IM83 F~ ara A(lac-proAB)
rpsL (Str") [b80 dlacA(lacZ)M15] was the K-12 strain used for preliminary
site-directed mutagenesis in this study (39). E. coli IM109 was used for plasmid
propagation, as a host for pBIP3 derivatives, and for the generation of M13
transducing stocks (39). E. coli BMS67C12 was derived earlier from JM83 and
contains a transposon TnJ insertion in its msbB gene (33). E. coli H16 was
originally isolated from the blood of a meningitis patient, has the serotype
018:K1:H7, and is from the collection of clinical isolates maintained by Richard
Darveau at the University of Washington, Seattle. Vector plasmids pUC18 (39)
and pBR322 (2) were used in this study. Plasmid pBIP3 and the helper phage
fIR189 were described earlier (32). Bacteriophage P1vir was obtained from the
American Type Culture Collection, Manassas, Va.

Bacterial media and growth conditions. E. coli was routinely grown in LB
medium (30) or T-Soy broth (TSB) (BBL, Cockeysville, Md.) at 30 or 37°C.
Salt-free LB agar with 5% sucrose was used for the selection of double recom-
binants as described previously (32). T-Soy agar (TSA) is TSB supplemented
with 1.5% agar. When needed as selective agents, antibiotics were added at the
following final concentrations: ampicillin, 100 wg/ml; kanamycin sulfate, 75 pg/
ml; streptomycin sulfate, 20 pg/ml; spectinomycin sulfate, 20 pg/ml; and tetra-
cycline HCI, 25 pg/ml. Precise enumeration of viable cell counts (CFU per
milliliter) during growth studies, serum susceptibility testing, and animal studies
and for stimulation experiments was done as described earlier (13).

Recombinant DNA methods. Total DNA was isolated by use of an Easy-DNA
Kit from Invitrogen (San Diego, Calif.) according to the manufacturer’s instruc-
tions, except that following treatment of the DNA with RNase, the DNA was
extracted with phenol and chloroform to remove any residual nucleases, ethanol
precipitated, and resuspended in TE buffer (10 mM Tris, 1 mM EDTA [pH 8.0]).
Restriction endonucleases and DNA modification enzymes were obtained from
commercial sources and used according to the manufacturer’s instructions. Blot-
ting of DNA to nitrocellulose was done by a modification of the Southern
blotting technique (30). Plasmid pBMS66 (Fig. 1) contains an intact and func-
tional msbB gene cloned into the high-copy-number vector pUCI18 (12). Super-
coiled pPBMS66 DNA to be labeled for hybridization was first treated with an
ATP-dependent DNase (Plasmid-Safe; Epicentre Technologies, Madison, Wis.)
to eliminate any E. coli chromosomal DNA contamination. The 1,630-bp msbB
DNA fragment from pBMS66 was then isolated following digestion with EcoRI
and Bg/II and electrophoresis in a 0.9% agarose gel (31). Incorporation of
32P-dCTP into the linear DNA fragment was done by use of a Random Priming
Kit from Boehringer Mannheim Biochemicals, (Indianapolis, Ind.). The msbB
gene was transferred from pBMS66 into the lower-copy-number vector pBR322
to create pPBMS76 by use of the native EcoRI site at the 5 end of msbB and the
BamH]I site 3" of the msbB gene, which was created in the original PCR cloning
of msbB (Fig. 1). Transformation of E. coli H16 was accomplished by standard
CaCl, shock methodology (30).

Mutagenesis of E. coli JM83 by use of the M13-pBIP3 system. Site-directed
mutagenesis of E. coli JM83 was done essentially as described by Slater and
Maurer (32), except that the pBIP3 vector was first modified to allow more rapid
identification of single recombinants. The Amp* gene was isolated from pBR322
by PCR with the primers 5'-ATCGATCCGCATATGTGCAAGCAGCAGAT
TAC and 5'-ATCGATCCTCATATGCCTCGTGATACGCCTAT. The Amp*®
gene was then cloned into the Ndel site located near the M13 origin in pBIP3 to
form vector pBMS70. Upon infection with the f1R189 helper phage and M13
replication, the Amp" gene is lost. Single recombinants can then be rapidly

differentiated from isolates that contain replicating plasmids by screening for
sensitivity to ampicillin.

For mutagenesis of the msbB gene, plasmid pBMS71 was constructed (Fig. 1).
To construct pBMS71, the 3’-terminal portion of the msbB gene in pBMS69, a
subclone of pPBMS67 (33), was removed between the Sphl and Bg/II sites, and
blunt ends were created with the Klenow fragment. The Str* Spc* Smal fragment
from pHP45(Q) (23) was cloned into this construct to give pBMS69.S. The SstI
fragment containing the mutagenized msbB gene was transferred from
pBMS69.S into the single SstI site of pPBMS70 to give pBMS71. Plasmid pBMS71
was used for site-directed mutagenesis of E. coli JM83 with Str" and Spc® in
combination as a selectable marker. Single recombinants identified as described
above were then grown without antibiotic selection and plated on salt-free LB
agar with 5% sucrose to select for double recombinants as described previously
(32). Total DNA was purified from each sucrose-resistant Kan® Str* Spc* isolate,
digested with Bg/II and PstI, and analyzed by Southern hybridization to confirm
the recombination event. Potential mutants were also phenotypically tested for
the reduced ability to stimulate the expression of E-selectin by human umbilical
vein endothelial cells (HUVEC) (33). LPS was also isolated from each mutant
and analyzed as described earlier (33). All mutagenesis experiments were done
at 30°C.

Mutagenesis of E. coli H16 by use of P1vir. Strains derived from JM83 and with
the appropriate chromosomal insertional replacements were used to generate
Plvir transducing lysates (17). E. coli H16 was grown overnight in 3 ml of LB
broth at 37°C. The cells were harvested by centrifugation and washed vigorously
by vortexing in 5 ml of phosphate-buffered saline (PBS). Following centrifuga-
tion and removal of the PBS, the cells were washed vigorously a second time in
5 ml of MC buffer (0.1 M MgSO,, 0.005 M CaCl,) (17), centrifuged, and finally
resuspended in 3 ml of MC buffer for transduction. A 0.25-ml quantity of H16
cells was mixed with each serial dilution of P1vir (msbB::Str" Spc") lysate, and the
phage were allowed to adsorb for 20 min at 30°C. An equal volume of 0.1 M
sodium citrate (pH 7.0) was added and mixed, and 1 ml of LB broth with 0.05 M
sodium citrate was also added. The infected cells were placed in a 30°C incubator
shaker for 3 h to allow recombination and expression of markers to occur.
Dilutions of the cells were inoculated onto LB agar plates that contained strep-
tomycin sulfate and spectinomycin sulfate and were incubated at 30°C for 2 days.
Potential transductants were streaked for isolation and replica picked to test for
Kan® or temperature sensitivity. Total DNA was purified from each Kan® Str"
Spc”isolate, digested with Bg/IT and PstI, and analyzed by Southern hybridization
to confirm that recombination had occurred at msbB. Potential mutants were
also phenotypically tested for the reduced ability to stimulate the expression of
E-selectin by HUVEC (33). LPS was also isolated from each mutant and ana-
lyzed as described earlier (33).

Testing the toxicity of nmLPS and the lethality of E. coli strains in mice.
Toxicity studies with purified LPS (obtained as described in reference 17) or live
bacteria were conducted with BALB/c mice inoculated intraperitoneally with 0.2
ml. LPS was made as a 2-mg/ml stock in PBS with the aid of sonication in a bath
sonicator. LPS was then diluted further in PBS for use as an inoculum. For
testing the potency of purified LPS, animals were injected with and without the
coadministration of galactosamine, which has been shown to significantly reduce
the LPS LDs,. Galactosamine (800 mg/kg of body weight) administration was
performed as described previously (3).

Bacterial studies were performed with seed cultures of E. coli strains that were
inoculated from freezer stocks and grown overnight in TSB with antibiotic
selection. Inoculum cultures were started with a 1/100 dilution of the seed
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TABLE 1. Toxicity of purified LPS*

No. of survivors at the indicated LPS dose

Galactosamine Sofgg of (ng/animal):
400 200 100 50 125 25 5 1
Absent IMS3 0 0 2 5
BMS67C12 0 0 5 5
Present JMS83 0 0 2 5
BMS67C12 0 0 0 5

¢ Purified LPSs from the parent E. coli K-12 strain JM83 and the msbB mutant
strain BMS67C12 were each inoculated into five BALB/c mice at the doses
indicated. Purified LPS was suspended at a concentration of 2 mg/ml in pyrogen-
free PBS with the aid of a bath sonicator. Dilutions of each LPS were made in
PBS and inoculated by intraperitoneal injection in a volume of 0.2 ml. Galac-
tosamine was administered intraperitoneally at 800 mg/kg simultaneously with a
dose of LPS as described previously (3). Animals were observed for 7 days, with
all deaths being observed within the first 5 days postinoculation.

cultures in 50 ml of TSB with antibiotics. Inoculum cultures were grown to
mid-log phase (Agg, 0.6 to 0.8), chilled on ice for 10 min, and harvested by
centrifugation. The cells were washed once in cold PBS and resuspended in
immunogen diluent (0.1% TSB, 0.1% HEPES buffer, 0.85% NaCl [pH 7.2]). Cell
densities were adjusted based on A4, values by use of conversion factors em-
pirically derived for each strain during earlier growth studies at each temperature
(30 and 37°C). Cell densities were confirmed for each strain by plating dilutions
on TSA plates, and culture purity was checked by testing the highest-density
dilution of each strain.

Detection of murine C3 deposition and the presence of the K1 capsule. Detection
of complement C3 deposition on the surface of viable bacterial cells was done
essentially as described earlier (20). Bacterial cells were grown as described above
and washed once with PBS, and the density was set at an 455, of 0.4 in PBS. For
C3 studies, the cells were mixed with an equal volume of fresh pooled normal
murine serum (BALB/c) or pooled normal human serum and incubated for 30
min at 37°C. The bacterial cells were washed three times with cold PBS and
resuspended in PBS containing either a fluorescein-conjugated goat anti-murine
complement C3 antibody or a fluorescein-conjugated goat anti-human comple-
ment C3 antibody (each from Cappel/Organon Teknika Corp., Durham, N.C.).
Both antibodies were diluted 1/200 and incubated with the cells at room tem-
perature for 30 min with gentle agitation. Following three washes with cold PBS,
the cells were suspended in PBS and analyzed by flow cytometry. A sample of the
stained cells was dried on a slide and mounted for microscopic examination.

Cells used for detection of the K1 capsule were grown as described above but,
upon harvest, were pelleted and resuspended gently in PBS, the cell density was
set at an 455, of 0.4 in PBS, and the E. coli K1 capsule was detected by incubation
with a human monoclonal immunoglobulin M antibody with specificity to E. coli
K1 capsular antigen (26) for 30 min at 37°C. Following two gentle washes with
cold PBS, the binding of this antibody was detected with a fluorescein-conjugated
goat anti-human immunoglobulin M antibody (Cappel/Organon Teknika) di-
luted to a final concentration of 10 wg/ml and incubated for 30 min at room
temperature with gentle agitation. Cells were gently washed twice with cold PBS
and suspended in PBS for analysis by flow cytometry. A sample of the stained
cells was dried on a slide and mounted for microscopic examination.
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Opsonization of E. coli strains and uptake by polymorphonuclear phagocytes.
Blood was obtained from normal healthy human volunteers by venipuncture with
heparin-containing syringes. Neutrophils were isolated by density gradient cen-
trifugation with Polymorphprep (Nycomed Pharma AS, Oslo, Norway) as de-
scribed by the manufacturer.

Bacterial cells were grown as described above; following a PBS wash, the
number of cells were set at either 4 X 107 CFU/ml or equal densities, as
determined spectrophotometrically (4440) with GVBB buffer (35). Opsonization
and phagocytosis of each bacterial strain were then determined by a previously
described chemiluminescence assay (35). Normal human serum was treated at
56°C for 30 min to inactivate residual complement activity. To replace comple-
ment activity, C5-depleted serum (Quidel Laboratories, San Diego, Calif.) was
used (35).

RESULTS

nmLPS is a potent agonist in BALB/c mice. E. coli nmLPS
has a greatly reduced ability to stimulate either human myeloid
or human nonmyeloid immune cells (33). However, signifi-
cantly different endotoxin activities between human and mu-
rine systems have been demonstrated. Specifically, underacy-
lated E. coli lipid IVA, which is similar in structure to nmLPS
(nmLPS contains one additional secondary fatty acid), is an
antagonist in human in vitro systems yet is a potent agonist in
murine systems (8). Therefore, the toxicity of nmLPS in two
different in vivo murine systems was examined. As shown in
Table 1, either with or without prior administration of galac-
tosamine, little or no significant difference in the toxicity of
nmLPS or wild-type LPS was observed. These data are consis-
tent with previous reports that underacylated E. coli LPS is a
potent agonist in mice. The values found for wild-type LPS and
nmLPS compare well with previously reported toxicity levels
for purified LPS in both galactosamine-sensitized (3) and nor-
mal (29) mice. These data demonstrate that the loss of one
secondary fatty acid does not significantly reduce the toxicity of
E. coli LPS in mice.

Construction of msbB mutations in E. coli K-12 and transfer
into clinical isolate E. coli H16. E. coli K-12 laboratory strains
are generally not virulent in mice, making it difficult to evaluate
the potential of any inactivated gene as a target for novel
antimicrobial therapies (for example, the LD, for E. coli K-12
strain JM83 was greater than 10® bacteria/mouse; data not
shown). Therefore, to more accurately access the effect of the
msbB gene on mouse survival, a human clinical isolate which
displays an approximate 3-log reduction in the LD, for mice
was used (Table 2).

A stable and selectable msbB mutation was first generated in
an E. coli K-12 background by use of plasmid pBMS71 (Fig. 1)
and the site-directed mutagenesis method of Slater and Mau-
rer (32). In early experiments with this system, we found that in

TABLE 2. Pathogenicity of E. coli strains in BALB/c mice”

No. of survivors/total no. of mice infected at the following bacterial challenge (CFU/animal):

E. coli strain

1 x 10* 5 x 10* 1% 10° 5% 10° 1 x 10° 5% 10° 1 x 107 5% 107
Hi6 5/5 9/10 5/10 0/10 0/5 0/5
H16(pBMS76) 5/5 7/10 7/10 1/10 0/5 0/5
M600 (msbB) 5/5 5/5 10/10 2/10 0/10 0/5
M600(pBMS76) 5/5 9/10 5/10 0/10 0/5 0/5

“ Data are compiled from several experiments with groups of 5 or 10 mice 8 to 10 weeks old. Seed cultures of E. coli strains were inoculated from freezer stocks and
grown overnight in TSB with antibiotic selection. Inoculum cultures were started with a 1/100 dilution of the seed cultures in 50 ml of TSB with antibiotics. Inoculum
cultures were grown to mid-log phase (4440, 0.6 to 0.8), chilled on ice for 10 min, and harvested by centrifugation. The cells were washed once in cold PBS and
resuspended in immunogen diluent. Cell densities were adjusted based on A4 values by use of conversion factors empirically derived from each strain during earlier
growth studies. Cell densities were confirmed for each strain by plating dilutions targeted at 100 CFU/plate on TSA, and culture purity was checked by testing the
highest-density dilution of each strain. Plate counts were within 10% of targeted CFU per milliliter for each of the strains, except for M600. Accurate density adjustment
for strain M600 was hindered by the filamentation of the cells grown at 37°C. Actual CFU per animal for each of two experiments at inocula of 1 X 10°, 5 X 10° and
1 X 107 were 1.76 X 10° and 1.24 X 10°, 8.8 X 10° and 6.2 X 10° 1.76 X 107 and 1.24 X 107, respectively. Mice were inoculated with a 0.2-ml volume administered
by intraperitoneal injection. Animal lethality was monitored for 5 days, although the majority of deaths occurred within the first 48 h.
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FIG. 2. Detection of murine complement component C3 on the surface of bacterial cells. The open curves indicate the epifluorescence of cells that were treated
only with fluorescein-conjugated anti-C3 antibody. The shaded curves indicate the epifluorescence of cells treated with fluorescein-conjugated anti-C3 antibody
following treatment with normal mouse serum. (A) E. coli H16. (B) E. coli M600. (C) E. coli M600(pBMS76).

spite of taking the suggested precautions, a significant number
of potential single recombinants carried replicating plasmid
DNA and had not undergone integration. To ease the identi-
fication of single recombinants, an Amp" marker was inserted
into a region of the vector plasmid that is lost when integration
has occurred (pBMS70).

Once the msbB mutation was constructed in the K-12 strain,
a Plvir lysate was generated and used to transduce the muta-
tion into the clinical isolate E. coli H16. E. coli H16 has a K1
capsule that normally prevents infection by bacteriophage P1.
To make the strain amenable to P1 transduction, vigorous
washing was done to remove the capsule and expose the ap-
propriate bacteriophage receptors (see Materials and Meth-
ods). Several potential P1 transductants were recovered by
selection of the Str" Spc” marker. Total DNA was isolated from
six of these isolates and analyzed by Southern blot hybridiza-
tion to confirm the genetic exchange of the mutated msbB gene
for the normal msbB gene (as diagrammed in Fig. 1). All six of
the isolates chosen were confirmed to have undergone the
correct recombination events. Each of the six isolates was
tested for the ability to stimulate E-selectin expression by
HUVEC. Every strain had a stimulation profile similar to that
found for the E. coli K-12 msbB mutant strain BMS67C12 (33).
LPS purified from each of the msbB mutant strains also lacked
myristic acid in its fatty acid profile.

The high-copy-number plasmid pBMS66 carries an intact
copy of the msbB gene and can functionally complement an
msbB mutation (33). It has been previously reported that the
msbB gene can suppress the temperature-sensitive phenotype
of an hrB mutant, but only when provided on a high-copy-
number vector (11). To remove potential artifacts due to the
very high copy number of the pUC18 vector in pBMS66, an
intact copy of the msbB gene was transferred into the lower-
copy-number vector pBR322 to create pBMS76 (Fig. 1). When
either pBMS66 or pBMS76 was transformed into the H16
msbB mutant strain M600, the myristic acid moiety returned to
the lipid A of the LPS, along with the ability to stimulate
E-selectin expression by HUVEC.

A mutation in msbB significantly reduces the virulence of E.
coli H16 in a murine system. E. coli H16 and the derivative
strains created above were used to assess the pathogenic con-
tribution made by the product of the msbB gene of E. coli. As
shown in Table 2, H16 is a relatively potent pathogen when
injected intraperitoneally into BALB/c mice, with an LDy, of

approximately 2.5 X 10° CFU/animal. When a mutation in the
msbB gene is present (strain M600), there is a significant loss
in pathogenicity (Table 2). With the transfer of an intact copy
of the functional msbB gene into the msbB mutant, M600
(pBMS76), the pathogenicity of E. coli returns to a level similar
to that of the parental strain H16 (Table 2). In the control, in
which H16 carries the cloned msbB gene on a low-copy-num-
ber vector, H16(pBMS76), no significant change in pathoge-
nicity is observed (Table 2). Additional LDy, experiments with
the bacterial strains grown at 30°C also demonstrated a similar
loss of virulence for strain M600 (data not shown). Since it was
found that strain M600 forms filaments when grown at 37°C
(see below), each CFU of strain M600 represents a signifi-
cantly larger bacterial load based on cell density; therefore, the
differences observed in the LDs, results presented in Table 2
are likely to be somewhat conservative.

The msbB mutant is resistant to serum but is still opsonized
by complement component C3. In order to understand the
relationship between reduced virulence and inactivation of the
msbB gene, the relevant bacterial strains were tested for sus-
ceptibility to killing by normal human serum. H16, M600,
H16(pBMS76), and M600(pBMS76) were all resistant to incu-
bation in the presence of 80% normal human serum at either
30 or 37°C for 3 h. Resistance was defined as an increase in the
bacterial titer in comparison to the initial inoculum. In con-
trast, the K-12 strains JM83 and BMS67C12 were both sensi-
tive to as little as 5% pooled normal human serum.

Since strain H16 and its derivatives were found to be serum
resistant, we suspected that the loss of virulence might be
associated with an increase in the clearance of the bacteria via
opsonization and phagocytosis. Immunostaining of the bacte-
rial cells with an antibody directed against complement com-
ponent C3 following treatment of the cells with normal mouse
serum demonstrated a significant increase in C3 deposition on
the msbB mutant (Fig. 2; see Fig. 5). This increase in C3
deposition is dependent on the msbB gene product, since the
complemented strain, M600(pBMS76), stained in a manner
similar to that of wild-type strain H16 (Fig. 2). Bacteria were
also stained in additional experiments with normal human se-
rum and an antibody to human complement component C3,
with similar results. E. coli K-12 strain JM83, which was ex-
quisitely sensitive to serum, stained positively in all of the
above experiments. In experiments with heat-inactivated se-
rum, the cells were not stained by any of the antibodies to C3.
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FIG. 3. Phagocytosis of E. coli strains by polymorphonuclear leukocytes (PMNs). (A to C) E. coli strains grown at 37°C and added to PMNs based on cell titers.
(D to F) E. coli strains grown at 30°C and added to PMNs at equal titers and densities. Data show PMNs with E. coli H16 (open circles), PMNs with E. coli M600 (open
squares), and PMNs with E. coli M600(pBMS76) (open triangles). (A and D) Buffer only. (B and E) With heat-treated serum (S). (C and F) With heat-treated serum

and complement (C').

The lack of C3 deposition for strain H16 or M600(pBMS76) is
consistent with earlier reports that the K1 capsule plays a role
in the prevention of the deposition of complement components
on the surface of these cells (5).

The msbB mutant has an increased susceptibility to opsonic
and nonopsonic phagocytosis. An increase in the opsonization
of the msbB mutant was functionally confirmed by a method in
which the phagocytosis of bacteria by human neutrophils is
monitored with a chemoluminescent dye (35). As shown in Fig.
3, under all of the conditions examined, the msbB mutant
strain M600 was more readily phagocytized than either the
parental strain H16 or the complemented mutant strain
M600(pBMS76). When no serum or complement was present,
detectable phagocytosis of mutant strain M600 was significant
compared to that of H16 or complemented mutant strain
Mo600(pBMS76) (Fig. 3A). We interpret this observation as an
example of nonopsonic phagocytosis (16). The addition of
heat-inactivated serum increased the level of phagocytosis of
all three strains (Fig. 3B). The addition of a functional com-
plement system to strains H16 and M600(pBMS76) provided
no significant increase in phagocytosis (Fig. 3C). This result is
as would be expected for strains that have an intact K1 capsule
preventing C3 deposition. However, with the addition of com-
plement, there was at least a twofold increase in the phagocy-
tosis of strain M600 (Fig. 3C). This result indicates that the
addition of complement increased C3 deposition (as found

above), in turn providing an increase in the level of phagocy-
tosis of strain M600.

We found that strain M600 forms filaments when grown at
37°C (see below). In the above experiments (Fig. 3A to C), the
cultures were all set at equivalent cell titers. Additional exper-
iments done with cultures grown at 37°C and adjusted to equiv-
alent culture densities showed similar results (data not shown).
In Fig. 3D to F, the cultures were grown at 30°C, at which the
same density of each culture has a similar number of bacteria,
as defined by CFU. As shown in Fig. 3D to F, the phagocytic
trend is similar to that for cells grown at 37°C.

The msbB mutant forms filaments when grown at 37°C but
not at 30°C. When experimentally determining appropriate
culture density conversion factors for animal experiments, we
observed that strain M600 required a much higher culture
density to give a culture titer (CFU) similar to that of parental
strain H16. Microscopic observation of the cultures revealed
that the msbB mutant formed filaments when grown at 37°C
but not when grown at 30°C or when functionally comple-
mented by the cloned msbB gene [M600(pBMS76)] (Fig. 4).
This result is in contrast to that obtained with the msbB mu-
tation in a K-12 background (Fig. 4) (11).

K1 capsule accumulation on the surface of the msbB mutant
is impaired. Since previous reports described an important
role for the K1 capsule in the prevention of C3 deposition and
opsonization and since we observed an increase in both C3
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FIG. 4. Bright-field microscopy of E. coli strains grown to log phase in LB
broth cultures at 30 or 37°C. (A) M600, 37°C. (B) M600, 30°C. (C) H16, 37°C.
(D) M600(pBMS76), 37°C. (E) JM83, 37°C. (F) BMS67C12, 37°C. Bar, 10 wm.

deposition and phagocytosis for strain M600, we examined the
K1 capsule of M600 to look for any major changes as a result
of the msbB mutation. An antibody to the K1 capsule was used
to stain bacterial cells grown at 30 and 37°C. As shown in Fig.
5, both H16 and M600(pBMS76) cells stained positively for the
K1 capsule, whereas only discrete portions of the M600 fila-
ments were stained. In contrast, M600 cells were completely
stained with the antibody to murine C3 (Fig. SE). Both H16
and M600(pBMS76) cells stained the same at 30°C as at 37°C
(data not shown). However, no staining was seen with M600
cells grown at 30°C, indicating a complete lack of a detectable
K1 capsule (data not shown). No staining was observed with
any of the K-12 strains used as controls.

DISCUSSION

Determining the role of the lipid A moiety of LPS as a
virulence determinant in the process of colonization and in-
fection has proven difficult. All previously known mutations in
the lipid A biosynthetic pathway have been conditionally le-
thal, a phenotype which precludes definitive in vivo studies
with viable bacteria (24). Recently, however, a mutation in the
msbB gene in E. coli K-12, a gene involved in one of the last
steps in lipid A biosynthesis, was described and was not con-
ditionally lethal for growth. This finding has provided the op-
portunity to examine the role of an incomplete lipid A struc-
ture in virulence studies. For example, examination of an S.
typhimurium msbB mutant has provided the first evidence that
lethality after infection may be due to the toxic effects of LPS
(12). In this report, the effects of an msbB mutation in a
virulent E. coli strain were examined to determine the role of
lipid A in a generalized bacterial infection model and to help
determine the potential of the gene product as a new thera-
peutic target.

When the msbB mutation was placed into a clinical isolate of
E. coli (H16), a significant loss (slightly greater than 1 log unit)
in virulence was observed. Complementation with a plasmid
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containing an intact msbB gene restored the virulence pheno-
type. However, evidence suggests that the effect of the LPS
structural mutation on virulence was not direct. LPS toxicity
studies performed by two different methods revealed at best
only a threefold reduction in the toxicity of the purified nmLPS
compared to its wild-type parent. Therefore, msbB-encoded
LPS which is structurally similar to lipid IVA is also an agonist
in mice and an antagonist in human systems (8). Rather, more
likely, a cell surface change associated with the msbB mutation
in the E. coli K-1 strain explains the reduced virulence of this
strain. Associated with the msbB mutation in the clinical iso-
late were filament formation and a reduced level of the Kl
capsule. We suspect that these changes rendered the cells
much more susceptible to the initial innate host defense
phagocytic clearance mechanisms, such as nonopsonic clear-
ance and C3 opsonization.

Therefore, although not directly examined, it is likely that
the initial mouse clearance of the msbB strain was enhanced,
reducing virulence by decreasing the number of bacteria able
to seed vital organs. In contrast, as mentioned above, it has
been proposed that the reduced virulence of an msbB strain of
S. typhimurium was due to the lower toxicity of the altered LPS
produced by this strain. These observations are not in conflict,
however. S. typhimurium, as a natural pathogen of mice (as few
as 100 bacteria are sufficient to kill 100% of the mice infected),
has specialized virulence mechanisms. The inability to synthe-
size a fully aceylated LPS could have hampered its pathogen-
esis at one or several different steps during the development of
disease (for example, in the experiments with the msbB mu-
tant, it took 8 days for the wild-type parental strain to kill the
mouse host). In contrast, in our study with E. coli, most deaths
occurred in the first 2 days, reflecting the fact that with this
strain and an animal model, virulence is essentially a measure

FIG. 5. Detection of the K1 capsule on E. coli strains grown to log phase in
LB broth at 37°C. (A) Bright-field microscopy of strain M600 stained with
anti-K1 antibody. (B) Fluorescence microscopy of the same field as that shown
in panel A. (C and D) Fluorescence microscopy of strains H16 (C) and
M600(pBMS76) (D) also stained with anti-K1 antibody. (E) For comparison,
fluorescence staining of M600 with anti-C3 antibody. Bar, 10 wm.
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of the ability of the mouse to initially clear the infecting bac-
terial dose.

The pleiotropic phenotype of the msbB mutation in the
clinical E. coli background was not predicted from the pheno-
type observed for the E. coli K-12 genetic background. Our
findings that an msbB mutation in the H16 genetic background
not only changed the myristoylization of lipid A but also re-
sulted in filamentation of the cells at 37°C and a reduction in
the presence of the K1 capsule are in contrast to the limited
phenotype thus far described for an msbB mutation in an E.
coli K-12 genetic background. It has been reported, however,
that mutations in genes such as envA4 or fir4 have also been
found to have pleotropic phenotypes beyond their direct roles
in lipid A biosynthesis, so our findings may not be unusual (25,
38). Interactions between the K1 capsule and LPS have also
been suggested, but such interactions have not yet been clearly
defined (15). From our data it might be suggested that the
anchoring of the K1 capsule may be dependent upon the struc-
ture of the lipid A moiety of LPS or that the product of the
msbB gene may have an influence upon the synthesis of the K1
capsule. Clearly, further study is required to define the appar-
ent relationship between these two outer membrane compo-
nents.

It is interesting to note that although the msbB strain dem-
onstrated a significant loss of the K1 capsule, it was resistant to
the bactericidal action of serum. Earlier reports have impli-
cated the K1 capsule as an important virulence determinant for
pathogenic E. coli strains, and it has been concluded that the
K1 capsule aids in the resistance of such strains to the bacte-
ricidal activity of normal serum as well as resistance to neu-
trophil killing (5, 6, 14). As mentioned above, our data support
the proposed role of the K1 capsule in the prevention of serum
opsonization. From our results, it would appear that the msbB
strain has an insufficient level of the K1 capsule to prevent
opsonization, yet enough K1 capsule may be associated with
the outer membrane such that serum killing by the C5b-C9
complex is still prevented. Failure to alter resistance to the
bactericidal action of serum is a characteristic previously re-
ported for a mutation which reduces fatty acid aceylation in
Haemophilus influenzae (18).

It appears that the msbB gene product would be a likely new
therapeutic target, due to the multiple and severe compro-
mises observed both in bacterial morphology and cell wall
components required for resistance to host defense mecha-
nisms. In addition, the significant reduction of nmLPS toxicity
in human in vitro systems renders the inhibition of this gene
product even more desirable. The clinical utility of any thera-
peutic agent directed against the msbB gene product, when and
if developed, remains to be determined, however. It is not
possible at this time to predict how many different strains
against which these putative inhibitors would need to have
activity to make them clinically useful.
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