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Abstract

A unique screen was used to identify mutations in Escheri-
chia coli lipid A biosynthesis that result in a decreased abil-
ity to stimulate E-selectin expression by human endothelial
cells. A mutation was identified in the msbB gene of E. coli
that resulted in lipopolysaccharide (LPS) that lacks the
myristoyl fatty acid moiety of the lipid A. Unlike all previ-
ously reported lipid A mutants, the msbB mutant was not
conditionally lethal for growth. Viable cells or purified LPS
from an msbB mutant had a 1000-10,000-fold reduction in
the ability to stimulate E-selectin production by human en-
dothelial cells and TNFa production by adherent mono-
cytes. The cloned msbB gene was able to functionally com-
plement the msbB mutant, restoring both the LPS to its
native composition and the ability of the strain to stimulate
immune cells. Nonmyristoylated LPS acted as an antagonist
for E-selectin expression when mixed with LPS obtained
from the parental strain. These studies demonstrate a sig-
nificant role for the myristate component of LPS in immune
cell activation and antagonism. In addition, the msbB mu-
tant allowed us to directly examine the crucial role that the
lipid A structure plays when viable bacteria are presented to
host defense cells. (J. Clin. Invest. 1996. 97:359-365.) Key
words: sepsis « endotoxins « gram-negative bacterial infec-
tions « cell adhesion « bacterial genes

Introduction

The endotoxic lipopolysaccharide (LPS) of many gram nega-
tive bacteria can act as a potent stimulator of the immune sys-
tem and as a pathogenic factor in septic shock. In humans, very
low concentrations of this endotoxin of the gram negative bac-
terial cell wall can increase expression of cellular adhesion
molecules and induce cytokine secretion (1). These and other
effects of LPS on the human immune system are believed to be
a host protective mechanism to insure that the numerous com-
mensal gram negative bacteria are properly contained within
the body. However, in certain immuno-compromised individu-
als, LPS can have a lethal effect due to its excessive activation
of the inflammatory system (2).

Studies examining the role of LPS in the induction of in-
flammation have used purified LPS that has been partially de-
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graded, purified biosynthetic intermediates, or chemically syn-
thesized analogues. These studies have demonstrated that the
lipid A portion of the LPS molecule is responsible for the ma-
jority of immunomodulating activity of LPS (3, 4). For exam-
ple, treatment of purified LPS with a neutrophil enzyme, acyl-
oxyacyl hydrolase (AOAH), results in the removal of the “pig-
gyback” acyloxyacyl myristate and laurate fatty acids. Such
deacylated LPS can no longer stimulate neutrophil adhesion
(4). Attempts to analyze the role of lipid A in viable bacterial
interactions with cells of the human immune system have been
hampered however, by the fact that all lipid A biosynthetic
mutants so far identified in E. coli are conditionally lethal
(temperature sensitive) (5). This has precluded studies of al-
tered forms of LPS within the context of viable bacterial cells,
where the LPS can be presented to immune cells from its more
“native” environment.

We report here the isolation of a mutation in E. coli lipid A
biosynthesis that results in a strain that is not temperature sen-
sitive for growth and which has a diminished ability to stimu-
late cells of the host immune system. Our screen was based
upon the fact that at least one of two acyloxyacyl fatty acids lo-
cated in the lipid A are required for activation of neutrophil
adhesion and that these fatty acids are added late in the bio-
synthetic pathway (5, 6). We predicted that LPS missing one or
both of these fatty acids would be a poor activator of E-selec-
tin expression in a fashion analogous to the lack of stimulation
seen with certain bacteria associated with chronic infections
(7). The LPS isolated from this mutant is devoid of myristic
acid, is affected in its ability to stimulate human imune cells in
vitro, and can act as an antagonist.

Methods

Bacterial strains, plasmids, and phage. The E. coli strain JM83 F~ ara
A(lac-proAB) rpsL (Str") [$80 dlacA(lacZ)M15] was the K-12 strain
selected for mutagenesis in this study (8). E. coli JM109 was used for
all plasmid propagation (8). E. coli Q1 (9) was used for propagation
and titration of A467 phage (9). E. coli A645 was obtained from the
American Type Culture Collection (Rockville, MD) and was used as
a control strain for validation of antibiotic susceptibility testing. The
vector plasmid pUC18 was used for all of the cloning described in this
study (8). Plasmid pRZ102 carries the transposon Tn5 in a colE1 vec-
tor and was used as a hybridization probe for TnS5 sequences (10).

Bacterial media, growth conditions, and antibiotic susceptibility
testing. E. coli was routinely grown in LB media (11) at 30 or 37°C as
indicated in the text. When needed as a selective agent, ampicillin
was added at a final concentration of 100 pg/ml and kanamycin sul-
fate at a final concentration of 75 wg/ml. Minimum inhibitory concen-
trations were done using the microbroth dilution method in media
that contained physiological levels of divalent cations as described
(12). Precise enumeration of viable cell counts (cfu/ml) during growth
studies and for stimulation experiments were determined as de-
scribed earlier (13).

Mutagenesis of E. coli JM83 with transposon Tn5. IM83 was
grown to late-log phase in LB broth supplemented with 0.2% mal-
tose. The cells were isolated by centrifugation and were suspended in
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172 vol of 10 mM MgSO,-7H,0, 10 mM Tris pH 7.5. Serial dilutions of
a N467 phage stock (7 X 10'° pfu/ml) were mixed with 0.1-ml aliquots
of JM83 cells and the mixture was allowed to incubate at room tem-
perature for 5 min. Next, 0.9 ml of LB broth was added to the in-
fected cells and the culture was incubated for 30 min at 37°C with
shaking, to allow Tn5 transposition and expression of the kanamycin
resistance marker. Cells from each culture were then concentrated by
centrifugation, suspended in 0.1 ml of LB broth and spread onto LB
agar plates containing kanamycin. After growth overnight at 37°C,
TnS mutants were individually picked from plates infected at an MOI
of < 1 into 96-well, low protein binding, microtiter plates (Corning
Costar, Cambridge, MA) that contained 0.15 ml of LB broth with
kanamycin. After overnight growth at 37°C, without shaking, the mi-
crotiter plates were centrifuged to pellet the cells. The cells were re-
suspended in fresh LB broth containing 15% glycerol, then the plates
were frozen on dry ice and stored at —70°C.

Stimulation of human umbilical vein endothelial cells (HUVEC)
and detection of E-selectin. HUVEC cells were purchased from
Clonetics (San Diego, CA) and were propagated in HUVEC growth
media as described earlier (7). Stimulation assays utilized cells passed
no more than four times. The E-selectin stimulation ELISA assay has
been described in detail earlier (7). For this study, stimulation assays
were carried out in the presence of 5% pooled normal human serum
(Gemini Bioproducts, Calabasas, CA) or 5% human albumin (Im-
muno-US Inc., Rochester, MI) when serum free conditions were de-
sired. The anti-E-selectin antibody BBA1 was purchased from R and
D Systems, (Minneapolis, MN) and the F(ab’)2 goat anti-mouse IgG
specific HRP-conjugated second step detection antibody was pur-
chased from Jackson Immunoresearch Labs (West Grove, PA).

Screening of E. coli mutants for loss of ability to stimulate HUVEC
cells. Nonmutagenized JM83 cells grown in microtiter plates were
used to determine the appropriate dilutions necessary to observe se-
rum dependent stimulation of E-selectin on HUVEC cells. Dilutions
of cells in stimulation media (7) without serum demonstrated serum-
independent stimulation at high cell numbers. Thus, a dilution that
gave an absorption value in the E-selectin assay (7) of between 0.4
and 0.8 in the presence of 5% normal human serum, but a serum-free
value equal to background, was used. Each microtiter plate contained
controls consisting of non-stimulated HUVEC cells, wells stimulated
with TNFa, and wells stimulated with the non-mutagenized JM83
strain.

Any mutants identified in the preliminary screen above were then
subjected to a secondary screen. This consisted of growing cultures of
prospective mutants and the JM83 control overnight in LB broth at
37°C with shaking. The culture densities were measured and adjusted
using LB broth to an A value that correlated with 1 X 10% cfu/ml.
For IM83, BMS50F5 and BMS67C12 the experimentally derived con-
version factor for growth in LB broth at 30°C was 4 X 10® cfu/ml
equal to an Agg value of 1.0. Serial 10-fold dilutions of the cultures
were then made in stimulation media and the samples placed onto
HUVEC cells to measure stimulation of E-selectin.

LPS isolation and analysis of fatty acids. For rapid purification of
LPS and analysis of fatty acids, 10 mg of lyophilized cells were ex-
tracted three times with 45% phenol at 70°C and the cooled aqueous
layers recovered by centrifugation. After extraction with diethyl
ether, the aqueous phase was evaporated to dryness under a flow of
nitrogen gas at 45°C. For large scale isolation of high purity LPS, the
phenol-water method of Westphal and Jann was used (14).

To determine whole cell phospholipid composition, 50-mg ali-
quots of lyophilyzed cells were extracted as described earlier (15) be-
fore derivatization and analysis. For whole cell fatty acid analysis, 5-mg
aliquots of lyophilyzed cells were derivatized and analyzed as de-
scribed below.

LPS fatty acids, whole cell phospholipids, and whole cell fatty ac-
ids were derivatized to fatty acid methyl esters by methanolysis in 2 M
methanolic HCI at 90°C for 18 h with the addition of pentadecanoic
acid as an internal standard (16). After the addition of an equal vol-
ume of saturated NaCl solution, the methyl esters were extracted
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with hexane and analyzed by gas chromatography. Analysis used a
50 m X 0.25 mm HP-1 capillary column on a Hewlett-Packard 5890
gas chromatograph with a programed temperature ramp from 90 to
225°C. Trifluoroacetic acid derivatization and characterization of LPS
carbohydrates was done as described earlier (16) and LPS phosphate
analysis was done as described by Ames (17). Limulus amebocyte ly-
sate (LAL) testing was done using a kinetic assay in an automated
microplate reader according to the manufacturer’s instructions (En-
dosafe, Charleston, SC).

Recombinant DNA methods. Total DNA was isolated as de-
scribed earlier (18). Restriction endonucleases and DNA modifica-
tion enzymes were from commercial sources and used according to
the manufacturer’s instructions. Blotting of DNA to nitrocellulose
was done using a modification of the Southern blotting technique
(11). Supercoiled plasmid DNA to be labeled for hybridization was
first treated with an ATP-dependent DNase (Plasmid-Safe; Epicentre
Technologies, Madison, WI) to eliminate any E. coli chromosomal
DNA contamination. For detecting TnS insertions, the plasmid
pRZ102 was labeled using a digoxigenin random primed labeling and
detection system (Boehringer Mannheim Corp., Indianapolis, IN).
Dideoxy DNA sequencing was done by a central core facility using a
primer (ATGGAAGTCAGATCCTGG) designed to bind within the
TnS insertion sequences and allow sequencing in an outward direc-
tion from the TnS. Cloning of the intact msbB gene was successfully
accomplished using the oligonucleotides TCGATCGGATCCCCA-
CATCCGGCCTACAGTTCAATG and TCGTCGCGAATTCCT-
GGCG in a polymerase chain reaction (PCR) with an anealing tem-
perature of 50°C, 2.5 mM MgCl, and 35 amplification cycles.

Isolation and stimulation of adherent monocytes from normal hu-
man blood. Adherent monocytes were isolated from the whole blood
of individuals randomly selected from a population of normal human
donors. Whole heparinized blood from an individual donor was di-
luted with one volume of RPMI 1640 medium (GIBCO BRL, Gaith-
ersburg, MD) and overlayered onto Lymphocyte Separation Medium
(Organon Teknika Corp., Durham, NC). The gradient was centri-
fuged at 500 X g for 30 min at room temperature. The lymphocyte
layer was removed and the lymphocytes diluted with 1 vol of RPMI
1640. The cells were pelleted and washed once more in RPMI 1640
then resuspended in a small volume of RPMI 1640 containing 5% fe-
tal calf serum. After counting and dilution to 5 X 10° cells /ml, 1 ml al-
iquots were added to each well of 24-well tissue culture plates. Cells
were allowed to adhere for 1 h at 37°C, then the monolayers were
washed three times with serum free RPMI 1640. Typically, adherent
cells represented 10% of the lymphocyte population. After washing,
RPMI 1640 medium containing 5% normal human serum and the
various stimulatory additives was added. LPS stocks were sonicated
in a bath sonicator immediately prior to dilution and use in each ex-
periment. After 4 h of stimulation, the culture supernatants were har-
vested and assayed for the presence of TNFa using a human TNFa
specific ELISA assay (Amersham Corp., Arlington Heights, IL).

Blocking of CD14 mediated immune stimulation. MY4 is an anti-
CD14 specific antibody that has been previously shown to block im-
mune stimulation via CD14-dependent pathways (19-21). MY4
(Coulter Immunology, Hialeah, FL) was added at varying concentra-
tions to stimulation medium containing 5% normal human serum and
incubated for 1 h at 37°C. Next, LPS (5 ng/ml) or nonmyristoylated
LPS (nmLPS) (500 ng/ml) were then added to the stimulation media
and 100-pl aliquots of the mixtures were used in the HUVEC based
E-selectin assay described above (7). Blocking stimulation of adher-
ent monocytes was done by incubating isolated adherent monocytes
with the MY4 antibody diluted in serum free stimulation medium for
1 h at 37°C before the addition of the LPS and 5% normal human se-
rum. For adherent monocytes, LPS was used at 10 ng/ml and nmLPS
was used at 100 ng/ml. After 4 h of stimulation the level of TNFa in
the culture supernatants was determined as described above.

Antagonism effects of nmLPS on HUVEC stimulation. Various
dilutions of nmLPS were added to a constant concentration of LPS
isolated from JM83. LPS stocks were sonicated in a bath sonicator
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Figure 1. E-selectin expression and TNFa production induced by via-
ble whole cells. Viable whole cells of IM83 (@, O) and BMS67C12
(M, O) were grown in LB media to stationary phase. The cells were
pelleted, suspended in PBS, and the densities were adjusted to 1 X 10%
cfu/ml. Dilutions of the cells in stimulation media that contained 5%
NHS were used to stimulate either HUVEC for 4 h or adherent hu-
man monocytes for 4 h. After stimulation E-selectin expression (solid
symbols) or TNFa (open symbols) production was measured. Bacte-
rial cell titers were adjusted and confirmed as described in Methods.
E-selectin data shown is a representative of six separate experiments
performed in duplicate and TNFa data is a representative of three ex-
periments performed in duplicate.

immediately before dilution and use in each experiment. The mix-
tures of LPSs were then added to stimulation media containing 5%
NHS and placed onto HUVEC. After 4 h of stimulation, the cells
were assayed for E-selectin expression as described above.

Results

Isolation of E. coli mutants that have a reduced ability to stimu-
late human immune cells. We predicted that a mutation at one
of the last acylation steps in the LPS biosynthetic pathway

would alter the ability of E. coli to stimulate E-selectin expres-
sion by endothelial cells, but we were unsure of the strength of
the resulting phenotype. We therefore mutagenized an E. coli
K-12 strain using the transposon Tn5, so that any mutations
identified in our screen could be readily isolated and the mu-
tated gene identified. In the endothelial cell assay used in this
study, the rough LPS from a K-12 strain such as JM83 and
smooth LPS from clinical isolates of E. coli have quantitatively
identical stimulatory abilities (unpublished observations).

We screened 5704 individual Tn5 mutagenized isolates of
E. coli IMS83 for a reduced ability to stimulate endothelial cells
to produce E-selectin. From this initial screen, 29 prospective
mutants were identified. More precise secondary screening of
these mutants identified two Tn5 mutants with significant loss
in the ability to stimulate E-selectin formation on HUVEC cells.
These mutants were designated BMS50F5 and BMS67C12.

As seen in Fig. 1, whole cells of the E. coli strain
BMS67C12 have an ~ 1 to 2 log reduction in their ability to
stimulate HUVEC cells to produce E-selectin when compared
with the parental strain JMS83. LPS stimulation of both E-selec-
tin expression and TNFa production has been shown to be
mediated by the LPS receptor CD14 (1, 22). We therefore
examined the ability of the mutant BMS67CI12 to elicit the
production of TNFa from human adherent monocytes. The
BMS67C12 was at least 2 logs less potent than its JM83 parent
(Fig. 1).

Quantitation of fatty acid composition of whole cells, highly
purified LPS and a proposed structure for the LPS from
BMS67CI12. Gas chromatography of highly purified LPS re-
vealed that LPS isolated from BMS50F5 was indistinguishable
from the LPS isolated from the parent strain JM83 (Fig. 2,
Table I). In contrast, LPS from the mutant BMS67C12 was
clearly lacking the 14:0 myristoyl fatty acid moiety (Fig. 2, Ta-
ble I). The small amount of 14:0 that can be seen in the chro-
matogram (Fig. 2) is probably due to phospholipid contamina-
tion as indicated by the presence of 16:0, which was also
present in a less than stoichiometric amount (Fig. 2, Table I).
Whole cell fatty acids and phospholipid content did not vary
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Table I. Fatty Acid and Phospholipid Composition of E. coli
Strains

Fatty acid content*

Cellular
Strain componentt  12:0 140 HI14:0 16:1 16:0 18:1 18:0
JMS83 LPS 22 22 62 ND 033 ND ND
wC 1.7 30 68 100 23.0 45 0.55
PL 09 93 ND 87 170 35 040

BMS67C12 LPS 20 03 72 ND 035 ND ND
wC 14 13 60 110 250 41 0.63
PL 0.1 1.3 ND 87 170 25 036

BMS50FS LPS 13 15 64 ND 018 ND ND
WwC 16 31 61 99 250 34 044
PL 09 92 ND 69 150 26 040

BMS67C12 LPS 26 26 87 ND 039 ND ND
(pBMS66) wC 1.6 23 7.0 100 270 35 0.66
PL .07 84 ND 85 160 32 044

*ND, not detected; all values are given as g fatty acid/mg dry cell weight;
(12:0) dodecanoic acid/laurate; (14;0) tetradecanoic acid/myristate; (H14:0)
3-hydroxytetradecanoic acid; (16:1) hexadecenoic acid; (16:1) hexade-
cenoic acid; (16:0) hexadecanoic acid; (18:1) octadecenoic acid; (18:0)
octadecanoic acid. Data shown is one of three separate determinations.
£LPS, lipopolysaccharide; WC, whole cells; PL, phospholipids.

significantly among the three strains (Table I). LPS carbohy-
drate as determined by trifluoracetic acid derivatization and
LPS phosphate profiles of the mutants were also not signifi-
cantly different from the JM83 LPS (unpublished observa-
tions). Testing of the LPS in a Limulus amebocyte lysate (LAL)
assay gave values of 2.1 X 10 EU/mg for JM83 and 5.0 X 10°
EU/mg for BMS67C12.

In Fig. 2 the known structure of E. coli LPS is shown. The
only significant difference we could quantitatively determine
between LPS from the parental JM83 strain and LPS isolated
from the BMS67C12 mutant strain was the lack of myristic
acid. Based on the known E. coli LPS structure and earlier
findings (6, 23) that indicate that the addition of myristate fol-
lows the addition of laurate in the latter steps of lipid A bio-
synthesis, we propose the structure shown in Fig. 2 for the de-
myristoylated LPS (nmLPS) from the BMS67C12 strain as the
most likely. Although we do know the primary form of this
LPS to be a penta-acyl structure (Kuni Takayama, personal
communication), we have not yet confirmed the exact location
of the laurate acyloxyacyl group.

The nmLPS is responsible for the lack of stimulatory ability
in mutant BMS67CI12. To determine if the lack of whole cell
activation of E-selectin was due primarily to the alterations
identified in the nmLPS structure, the ability of purified nm-
LPS to stimulate HUVEC and adherent monocytes was exam-
ined. Purified nmLPS had at least a 1000-fold reduction in its
ability to stimulate E-selectin expression and was 10,000-fold
less potent at the stimulation of TNFa from adherent mono-
cytes (Fig. 3). Thus, the loss of inflammatory activation by the
msbB mutant appears to be primarily due to the lack of myris-
tic acid in the nmLPS.

The TnS5 insertion in mutant BMS67CI12 is located in the
msbB gene. It was found that both mutant strains contained
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Figure 3. E-selectin expression and TNFa production induced by pu-
rified LPS. LPS isolated from JM83 (@, O) or nmLPS (M, OJ) isolated
from BMS67C12 were used to stimulate either HUVEC or adherent
monocytes. After 4 h of stimulation, E-selectin expression (solid sym-
bols) and TNFa (open symbols) were measured. E-selectin data
shown is a representative of six separate experiments performed in
duplicate and TNFa data is a representative of three experiments
performed in duplicate.

single TnS insertions in their chromosomal DNA. An 8.2-kb
fragment was cloned into the vector plasmid pUCI18 from a
Sacl digest of BMS67C12 total DNA. The resulting plasmid,
pBMS67, was further subcloned using the single BamHI re-
striction site located within the Tn5 to separate the regions
flanking the Tn5 insertion. DNA sequencing using a primer di-
rected outward from each of the insertion sequence ends of
the TnS allowed exact determination of the location of the Tn5
insertion as well as provide sequence for comparison to the
GenEMBL database. The mutation in E. coli strain BMS67C12
was located in a gene previously identified as msbB (24). The
msbB gene is found at 40.5 min on the E. coli genome and the
function of its product had not been identified. The TnS5 inser-
tion in BMS67C12 is located immediately after the glycine
codon at amino acid position number 198.

BMS50F5 is a mutation in the dsbA gene. The reduction in
E-selectin expression observed for strain BMS50F5 whole cells
was quite variable, could be altered by changing growth condi-
tions and was substantially less than BMS67C12 with a maxi-
mum difference of approximately twofold (data not shown).
As done with BMS67C12, an 11.1 kb Sacl fragment was cloned
from total DNA of BMS50F5 and the location of the Tn5 in-
sertion was determined. The mutation in E. coli strain BMS50F5
is located in the gene previously identified as dsbA (25, 26).
The dsbA gene is located at 87.3 min on the E. coli genome
and codes for a protein disulfide isomerase found in the peri-
plasmic space. The Tn5 insertion in BMS50FS is located imme-
diately following the leucine codon at amino acid position
number 111. LPS purified from BMS50F5 was found to be
identical to LPS isolated from JM83 in both its composition
and stimulatory abilities, so no additional studies were pursued
with this strain (Table I).

The cloned msbB gene can restore the LPS structure and
stimulatory phenotype to BMS67CI12. The previously pub-
lished sequence of msbB (24) was used to design oligonucleo-
tide primers for the 5’ and 3’ ends of the msbB gene. These
primers were then used to clone an intact copy of the msbB
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Figure 4. Phenotypic complementation of the msbB strain
BMS67C12 by the plasmid pBMS66. Whole cells were prepared and
used to stimulate HUVEC as described in Fig. 1. IM83 (@), BMS67-
C12 (M) and BMS67C12(pBMS66) (A). The results shown are a rep-
resentative of three separate experiments.

gene using polymerase chain reaction (PCR) technology and
total DNA isolated from E. coli JM83 as a template. Plasmid
pBMS66 contains the isolated msbB gene, cloned into a
pUCI18 vector. This plasmid was transformed into BMS67C12
and tested for its ability to functionally complement the re-
duced stimulation phenotype. As seen in Fig. 4, when a cloned
copy of the msbB gene is placed into BMS67C12, the ability of
the E. coli cells to stimulate E-selectin expression is returned
to a level comparable to that of the parental type E. coli strain.
It was also found that the whole cell fatty acid, phospholipid
and LPS fatty acid profiles were similar to the parental JM83
strain (Table I).

Characterization of the growth rate and antibiotic suscepti-
bility of the msbB mutant. The earlier characterization of the
msbB phenotype found no effect on cell growth (24). In this
study, we also observed no difference in the growth rate of this
msbB mutant when compared to the parent strain JM83 at 30
or 37°C (data not shown). The msbB strain BMS67C12 was
also compared to JM83 for susceptibility to the detergent
deoxycholate and the antibiotics rifampin, novobiocin, chlor-
amphenicol, cefepime, and ceftazidime. With the microbroth
dilution method we used, we observed no difference in the
minimal inhibitory concentration (MIC) values between these
two strains. These results were in contrast with an earlier re-
port that an msbB mutant was resistant to fourfold higher lev-
els of deoxycholate than its parental E. coli strain W3110 (> 100
mg/ml vs. 25 mg/ml) (24). We then repeated the deoxycholate
susceptibility test, but used the solid agar method in which a
difference was observed (24). With this method we were able
to duplicate the earlier described result (24). Differences in the
methodology or media used may explain these contrasting re-
sults.

Stimulation at high concentrations of nmLPS occurs
through CD14 dependent pathways. LPS stimulation of endo-
thelial cells has been proposed to occur via a soluble form of
the CD14 receptor (sCD14) (19, 22). In contrast, LPS stimula-
tion of adherent monocytes (macrophages) and polymorpho-
nuclear leukocytes is believed to occur via a membrane bound

form of CD14 (mCD14) (1, 27). Only at relatively high doses
did we see stimulation of endothelial cells or adherent mono-
cytes by nmLPS (Figs. 1 and 4). To determine if the stimula-
tion which was observed at the high doses required CD14, an
anti-CD14 antibody (MY4) that has been shown to specifically
block stimulation at CD14, was utilized (19-21). The MY4 an-
tibody completely blocked both the nmLPS stimulation of en-
dothelial cells and adherent monocytes as assayed by the ex-
pression of E-selectin (Fig. 5 A) and the release of TNFa (Fig.
5 B) respectively. In contrast, whole cell stimulation in both as-
says was only partially blocked (Fig. 5), suggesting that whole
cells may interact with non-CD14 dependent pathways for
E-selectin or TNFa activation.

nmLPS can act as an antagonist to block the stimulatory ac-
tion of wild type LPS. Several studies have shown that select
lipid A structures or derivatives can act as antagonists for
either neutrophil adhesion (4) or cytokine production (28).
Accordingly, we tested if nmLPS could act as an effective com-
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Figure 5. Inhibition of endothelial cell and monocyte activation using
the antibody MY4. For HUVEC (A), stimulation media with 5%
NHS was incubated for 1 h without antibody (solid bars) or with MY4
antibody at 10 pg/ml (open bars) before the addition of 1 X 10 whole
cells, LPS (5 ng/ml) isolated from JM83 or nmLPS (500 ng/ml) iso-
lated from BMS67C12. The stimulation mixture was placed on HU-
VEC for 4 h. Cells were then assayed for E-selectin expression. In a
similar experiment, adherent monocytes (B) were preincubated for
1 h without antibody (solid bars) or with MY4 antibody at 10 pg/ml
(open bars) in serum free RPM11640 medium. NHS was then added
to a final concentration of 5% followed by 1 X 10° whole cells, LPS
(10 ng/ml) or nmLPS (500 ng/ml). After 4 h of incubation the culture
supernatants were assayed for TNFa. Nonstimulated background lev-
els of TNFa have been subtracted from the data shown. Each assay
was performed twice with similar results.
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Figure 6. The ability of nmLPS to inhibit HUVEC stimulation of
E-selectin expression by JM83 LPS. Varied concentrations of nmLPS
with (solid bars) and without (open bars) 10 ng/ml IM83 LPS were
mixed together then added to HUVEC in the presence of 5% NHS.
After 4 h of stimulation E-selectin expression was measured. The
data shown is representative of two experiments done in triplicate
and is presented as the mean plus one standard deviation.

petitor of JM83 LPS activation of endothelial cells to induce
E-selectin expression (Fig. 6). The level of stimulation by
JMS83 LPS could be reduced to the level of stimulation found
for nmLPS alone when provided at a ratio of between 10 and
100 (nmLPS:LPS). Additional studies were performed using
smooth LPS isolated from two E. coli clinical isolates (0111B4
and A016, Seattle) with results identical to that shown in Fig. 6
for JM83 LPS.

Discussion

In this study, myristic acid has been identified as a crucial com-
ponent necessary for the ability of LPS to activate immune
cells. LPS that lacks myristate was significantly less able to
stimulate either E-selectin expression on human endothelial
cells or TNFa production by human adherent monocytes. This
result is consistent with earlier reports that the enzymatic re-
moval of both the myristate and laurate acyl groups from
E. coli LPS results in a de-acylated LPS that has lost the ability
to stimulate neutrophil adhesion (4). The structure of E. coli
LPS is well known and has only one myristic acid moeity (5).
We have proposed a structure for the penta-acyl LPS pro-
duced in the msbB mutant based upon the known LPS struc-
ture, the similarities in the quantified LPS fatty acid carbohy-
drate and phosphate profiles, the whole cell fatty acid and
phospholipid profiles, and an earlier determination that addi-
tion of myristate occurs late in the lipid A biosynthetic path-
way (6, 23). While this exact structure has yet to be confirmed,
we believe that it is the most likely one that can occur.

The msbB mutation is the only non-temperature sensitive
mutation thus far identified in the lipid A biosynthetic path-
way, therefore it allowed us to examine the role of nmLPS
when presented in the context of the intact viable bacterial
cell. With the msbB mutant we found that absence of the abil-
ity to add myristate onto the lipid A conveyed a loss in stimu-
latory ability for intact cells that was similar to that seen with
purified nmLPS. Presentation of an LPS derivative to host
cells in this way helps to reduce the concern that purified LPS
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can form aggregates (29, 30). Since aggregation and micelle
formation may affect the presentation of the LPS to the host
cells, conclusions about the stimulatory properties of purified
LPS derivatives have been guarded. Presentation of LPS dur-
ing the course of an infection could take many forms and in-
volve additional bacterial components that have yet to be iden-
tified. Our finding that the anti-CD14 antibody could only
partially block the stimulatory ability of whole cells, while it
could entirely block the stimulation by purified nmLPS, sup-
ports such a hypothesis.

We have identified conditions in which a mutation in the
gene encoding a periplasmic disulfide isomerase (dsbA) could
also affect the stimulatory ability of viable cells. Broezek and
Raetz have described the myristoyl transferase as a membrane
associated activity, although the techniques used were unable
to define a precise membrane location (6). Their results offer
one explanation of our results if the periplasmically located
disulfide isomerase is necessary for the correct folding of the
transferase. An alternative explanation also can be found if the
dsbA mutation has an effect on other cell factors that are in-
volved in LPS presentation.

The data presented in this study clearly defines a role for
the product of the msbB gene in the addition of myristate dur-
ing the biosynthesis of the E. coli lipid A. The msbB gene was
originally identified as a multicopy suppressor of a mutation in
the htrB gene of E. coli (24). A mutation in the h#rB gene re-
sults in a strain that is unable to grow above 32.5°C (31). It was
also found that the peptides encoded by these two genes con-
tained a significant degree of homology (24). In this study we
do not present the direct evidence required to designate the
msbB gene as the structural gene of the myristoyl transferase
protein. However, several pieces of evidence suggest that
msbB gene is a good candidate for the myristoyl transferase
structural gene. First, the whole cell fatty acid profile of the
msbB mutant was not significantly different than that of the
parent strain. Mutation of a gene involved in general fatty acid
biosynthesis might be expected to alter the whole cell fatty
acid profile. We observed functional complementation of the
msbB mutation when a cloned msbB gene was provided and
the use of a high copy number vector also did not result in sig-
nificant alterations in the fatty acid profiles of the whole cell
fatty acids. The msbB mutation also had no effect on the addi-
tion of laurate. The specificity of the msbB phenotype to ex-
clude just the myristoyl group but not the lauroyl fatty acid on
the LPS, indicates that there are probably two separate en-
zymes involved in the addition of myristoyl and lauroyl fatty
acids to the final lipid A structure. The presence of two sepa-
rate enzymes for each of these functions has also been pro-
posed previously based on biochemical data (6). In addition,
our findings are supported by a recent report by Clementz et
al. that identified the products of both the msbB and htrB
genes as having a role in the addition of myristate and laurate
respectively to the (KDO),-lipid IV, of E. coli (32). Results
from our own laboratory also indicate that a mutation in the
htrB gene affects the addition of laurate to the lipid A (manu-
script in preparation).

The nmLPS interacts through both the soluble and mem-
brane associated forms of the CD14 receptor and is not due to
stimulation through an unknown alternative receptor pathway.
The ability of the MY4 antibody to block the ability of nmLPS
to stimulate both endothelial cells and adherent monocytes, in-
dicates that the stimulation seen at relatively high concentra-



tions of nmLPS is still dependent on the CD14 receptor path-
ways that have been described earlier (1, 19, 22). However, it
remains unknown whether or not the antagonistic abilities of
the nmLPS occurs through the CD14 receptor itself or some
other component of this pathway.

Recently, a number of reports have shown that bacteria as-
sociated with chronic inflammatory disease have a naturally
occurring lipid A structure that is significantly different than
that of E. coli (33, 34). Often these LPSs lack or have different
acyloxyacyl fatty acids that are believed to be important in
host cell stimulation of inflammation (3, 4, 35). We have shown
that LPS isolated from one such bacteria is altered in its ability
to stimulate components of the inflammatory response and is
an antagonist for E-selectin expression (7). It is not unreason-
able to suspect that these bacteria have evolved to escape de-
tection by our innate host response system. The isolation of
mutants in lipid A synthesis such as the msbB strain, in addi-
tion to producing LPS of therapeutic potential, may assist in
addressing the suggestion that variations in LPS structure may
facilitate persistent colonization during chronic infection (7).
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